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Abstract 
In part 1, a series of P-tetrakivS-aryl-tetnimesitylpoiphyrinato ruthenium (TI) 
carbonyl complexes Ru(TMP)0?-XPh)4CO (X = OMe, H, C1, CF3) were synthesized. 
Their catalytic activities towards aromatic oxidation in 2,6-dichloropyridine A^-oxide system 
to afford the corresponding quinones were examined. As a search for a more robust 
catalyst, the most active catalyst /7Y//7.v-clichloro-tetrakis(p-chlorophenyl) 
tetramesitylporphyrinato ruthenium (IV) complex was synthesized and was found to be 
more efficient in arene oxidation than other P-tetra-aryI substituted ruthenium(II) 
porphyrins complexes. 
Besides HBr additive in 2,6-dichloropyridine A^-oxide system, other additives such 
as Br0nsted acids e.g. acetic acid was found very efficient as co-catalyst to give highest 
yield of quinone formation. 
Lewis acid such as BF3 MeOH was also found to co-catalyze the aromatic oxidation 
in 2,6-dichloropyridine A^-oxide system. 
In part 2, a series of metal imine complexes derived from acyclic tetradentate N2O2 
ligands of both the Jacobsen ligand and hydroxyphenyl-1,10-phenanthroline type were 
synthesized. As for the former, a new example of unusual cis-dic<irhonyl-[(R,R,)-N,N'-
bis(3,5-di-ferr-butylsalicylidene)-1,2-cyclohexanediaminato] ruthenium(II) complex was 
accomplished. The catalytic activities in epoxidation werc examined. 
Synthesis of ruthenium and manganese metal complexes of tetradentate N2O2 
Schiff-base ligand based on hydroxylphenyl-1,10-phenanthroline were achieved. The 
catalytic activities of these catalysts in epoxidation of styrene were investigated in 
comparison with Jacobsen's catalyst. 
ii 
摘 要 
第 一 部 分 中 ， 合 成 一 系 列 
b-tetrakis-aryl-tetramesitylporphyrinato 鏡 11 carbonyl 配 合 物 
Ru(TMP)(p-XPh)4C0 (X= OMe, H, Cl , C F 3 ) . 考 察 了 它 們 在 
2,6-dichloropyridine N-oxide 體 系 中 氧 化 aromatic 成 quinones 的 活 
性 。 合 成 了 較 穩 定 的 催 化 劑 
trans-dichloro-tetrakis(p-chlorophenyl) 
tetramesitylporphyrinato 鏡 （ I V ) 配 合 物 ， 幷 發 現 了 它 在 arene 
氧 化 上 比 b - t e t r a - a r y l 取 代 鏡 { I I〉porphyrine 更 爲 有 效 。 
同 時 發 現 H B r 和 其 它 B r o n s t e d 酸 ， 如 乙 酸 ， 加 入 
2,6-dichloropyrine N-oxide 體 系 ， 作 爲 共 催 化 劑 ， 生 成 quinone 
的 產 率 更 高 0 Lewis 酸 SD BF3.MeOH 也 可 在 2, 6-dichloropyridine 
N - o x i d e 體 系 中 共 催 化 a r o m a t i c 的 氧 化 。 
第 一 部 分 中 ， 合 成 了 一 系 列 金 _ 無 環 四 齒 N 2 0 2 imine 
ffi 合 W ，女口 Jacobsen gg 體禾口 hydroxyphenyl—l'lO-phenanthroline gg 
體 。 合 成 了 一 種 新 型 
cis-dicarbonyl-[(R,R)-N,N‘-bis(3,5-di-tert-butylsalicylidene)-1,2-cycl 
ohexanediaminatoL^ ( I I 〉 配 合 物 ， 幷 研 究 了 它 在 環 氧 化 反 
應 上 的 催 化 活 性 。 合 成 了 hydroxyphenyl-1, 10 -phenanthroline 配 
體 的 繚 和 鍤 的 配 合 物 ， 幷 對 這 些 催 化 劑 在 s t y r e n e 的 環 氧 
化 反 應 上 作 了 比 較 。 
Abbreviations 
Anal. analytical Ph phenyl 
^ u tert-butyl R^ retention factor 
°C degree Celsius TBHP r-butylhydroperoxide 
Calcd calculated THF tetrahydrofuran 
m-CPBA m-chloroperoxybenzoic acid TLC thin layer chromatography 
d days TMS tetramethylsilane 
DMF A^,A^-dimethylformamide UV-Vis ultraviolet-visible 
EtOH ethanol 





J coupling constant 
M moles per liter 
M+ molecular ion 




MS mass spectrometry 
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Part 1: Arene Oxidation with 2,6-Dichloropyridine-
iV-oxide Catalyzed by Ruthenium Porphyrins 
1. Introduction 
1.1 Nature Occurrence of Cytochrome P-450 
Porphyrins together with their reduced analogs, chlorins and bacteriochlorins, their 
acyclic congeners the bile pigments and phytocyanins' and other tetrapyrrolic macrocycles 
such as vitamin B,2 and factor F430 serve as cofactors for a wide variety of biochemical 
processes. These materials, which are all highly colored, have been called the pigments of 
life.2 
The most abundant naturally occurring porphyrin is iron protoporphyrin 1，known 
as heme (Figure 1). Heme is the prosthetic group for a large number of heme proteins 
which at first sight appear to have diverse unrelated biochemical functions' (Scheme 1). 
v T ^ V 
1 N— Fe —N I 
( ¾ > ^ CO2H > - A ^ 
CO2H 
Heme 1 
Figure 1. Structure of iron(III) protoporphyrin IX，the cofactor presents in aU 
cytochroms P-450, as well as in many other heme. 
Some of the most interesting and certainly the most widely studied of all heme 
proteins are the cytochromes P-450, so named because of the strong absorption they 
exhibit at 450 nm. Most cytochromes P-450 found so far in living organisms are part of 
multi-enzymatic systems called monoxygenases which catalyze oxidation steps involved in 
the biosynthesis and biodegradation of endogenous compounds such as steroids, fatty 
1 
acids or prostaglandins. A second class of cytochrome P-450-dependent monoxygenases 
play another important role in living organisms, namely the oxidative biotransformation of 
exogenous compounds from the environment such as drugs, pesticides, or solvents. Figure 
2 shows the catalytic cycle of P-450, where it can be seen that they combine features of the 
three classes of heme proteins in that they bind dioxygen (reaction c)，transport electrons 
(reactions a and d), and in so doing produce the equivalent of peroxide bound to ferric iron 
(intermediate F). titermediate G undergoes 0 - 0 bond cleavage with the loss of water to 
give the active oxidizing agent J. 
0 ; 
HEMOGLOBIN O2 I 
M Y O G L O B I N Fe(ll) = = ^ Fe(ll) 
CYTOCHROMES Fe(III) ， ^ 一 Fe(ll) 
^ 7' 
0 
CATALASE Fe(lll) ^ ^ Fe(IV)por- + H2O 
H2O2 
Fe(lll) + O2 + H2O 
H2O2 n 
PEROXIDASE Fe(III) ^ Fe(IV)por+ + H2O 
two aromatic substrate 
Fe(lll) + two aromatic substrate 
each oxidized by one 
electron 
L, ^ 0 
H2O2 II 
LIGNIN PEROXIDASE Fe(III) ^ Fe(IV)por+ + HgO 
lignin 
Fe(lll) + depolymerized lignin 
H2O2 ^ 




CYTOCHROME P-450 RH + O2 ~ ^ ROH + H2O 
2e" 
Scheme 1 A brief summary of the principal reactions of heme proteins. 
2 
(substrate) R e' 
V V l 
p ^ Fe(lll)Por ——^ 
B CO 
Fe(IIOPor / / F e ( ， / , ' ‘ ^ ) P o r 
R(0) ^ ~ ~ ^ - ^ / ^ P h l O / ^ H O O H ( R ) f ^ 
(product) > / 1 1 / Fe(III)Por 
/ g / f 『 e , r . ~ ~ ^ i E 
/ Phl / O2 E 
/、+ 
『 [，】 + . / 广 
H O H ( R ) - ^ Fe(lll)Por^ 0 ^ - _ 
J OOH(R) " " ^ Fe(lll)Por 
H+ G H+ F 
Figure 2. Catalytic cycle of cytochromes P-450. The resting enzyme A binds the 
substrate to be oxidized. This brings about a change in the spin state of the heme to give 
intermediate B which accepts an electron to give the ferrous complex C. Reversible 
binding of CO gives D with a characteristic absorption at around 450 nm. Binding of 
dioxygen to C gives E, which upon a one-electron reduction (the rate-limiting step in the 
enzymatic cycle) gives F, which is formally ferric iron with bound peroxide. Protonation of 
F and G and loss of water give the oxidizing intermediate J，which transfers the iron-
bound oxygen atom to give the oxidized product [R(0)]. 
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1.2 Biomimetic Models of Cytochromes P-450 
Studies to determine the mechanisms of heme proteins are complicated by the 
protein. Since the chemistry involving bonds making and breaking takes place at the iron 
porphyrin or heme, biomimetic chemists have studied metalloporphyrins, in vitro, 
inencumbered by any biological superstructure. Most naturally occurring porphyrins are 
peripherally substituted by eight alkyl or alkenyl residues, as occurs with heme 1. Such 
compounds of this type often require time-consuming synthesis, or extensive purification 
from natural sources, and so a synthetic class of porphyrins, the mejo-tetraarylporphyrins, 
including mejo-tetraphenylporphyrin (H.TPP) 2a which are easy to make, are commonly 
used as mimics of the natural systems. These porphyrins were first prepared, in low yields, 
by Rothemund from pyrrole and benzaldehyde/^^ Since then the synthetic routes have been 
greatly improved by Adler and Lindsey and their colleagues/ such that gram quantities are 
easily obtained. 
Rl Ri 2 Ar = p h e n y l ; R i = R 2 = H,TPP 
Ar / — ( Ar 3 Ar = mesityl; Ri 二 R2 = H, TMP 
P^ y ^ ^ ^ ^ ^ N ^ ' ' ^ ^ P2 4 Ar==pentafluorophenyl;R1 = R2 = H,TPFPP 
V ^ l ^ — ^ — N ^ ^ ^ ^ 5 Ar = 2’6-dichlorophenyl;Ri = R2 = H，TDCPP 
R ^ ^ ^ N jjT^^^ 6 Ar = phenyl;Ri = R2=H,TPPpBr8 
A r ^ \ J r \ r 7 Ar = 2,6-dichlorophenyl ;…=Ra = CI, TDCPpCls 
Ri R i 8 Ar = 2,6-dichlorophenyl; Ri = R2 = Br，TDCPpBrs 
9 Ar = 2,6-dimethylphenyl; Ri = R2 = H, TDMP 
g M 二 2H 10 Ar = mesityl; Ri =H; R2 = Br, TMPpBr4 
b M = FeCI 11 Ar 二 mesityl; Ri = H; R2 = OMe, TMPP(OMe)4 
c M = Ru(CO) 12 A r = m e s i t y l ; R i = H ; R 2 = Ph，TMPp(Ph)4 
d M = Ru(CI)2 13 Ar = mesityl; Ri = H; R2 = p-CIPh, TMPP(p-CIPh)4 
e M = Ru(O)2 14 Ar 二 mesityl; Ri = R2 二 p-CFgPh，TMPp(p-CF3Ph)4 
Figure 3. Structures of synthetic porphyrin ligands and metalloporphyrins. 
4 
1.3 Homogenous Metalloporphyrin Catalyzed Oxidation Mimicking 
Cytochrome P-450 
Groves and et at were the first to demonstrate cytochrome P-450 like activity in a 
model system using iron(III) mejo-tetraphenylporphyrin chloride (FeTPPCl) 2b and 
iodosylbenzene (PhIO) as a cooxidant; in their study it was shown that cyclohexene was 
converted to its epoxide and cyclohexane to cyclohexanol (eq 1). 
n 見 r > ^ ^ ^ \ ^ 
(1) 
^ ^ / \ ^ 〇 H 
r ^ ) [ 〇 ] I I 
k ^ ^ ^ 
By the use of iron porphyrin model (FeTPPCl) 2b, the nature of the high-valent 
iron-oxo intermediates formed in the catalytic cycle of cytochrome P-450 could be studied. 
A number of groups including those of Bruice/ Groves,^ Lyons and Ell is/ Mansuy,^ 
Meunier,^ Traylor,"" Dolphin" and Collman'' have made major contributions to this area. 
A common intermediate, as indicated in Figure 4 could account for all of the known 
reactions of cytochromes P-450 with terminal olefins, namely, epoxidation, rearrangement 
to ketones, and iV-alkylation of heme.'-^ Ail of the available evidences from model studies 
suggested the 0=Feiv[Por]+ (J, Figure 2) porphyrin rc-cation radical'^ formulation for the 
P-450 oxidizing intermediate. 
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0=Fe(IV)[Por]+. 0 = Fe(IV)[Por] 0-^e( l l l ) [Por] 
electron J ^ radical dimerization (a+ . 
\ + / transfer ‘ 〕 一 < ^ " > ^ ^ R 
/ = C \ > _ < Y 
a ~~^ epoxide 
b ~~^ rearranged product 
c ~ * ^ P_hydroxy N-alkyl heme 
Figure 4. Electron transfer mechanism resulting in a (Por)Fe"i-0-C-C+ intermediate which 
can rearrange in three separate ways to give the known products from the P-450-mediated 
oxidation of a terminal olefin. 
1.4 Synthetic Porphyrin Revolution: Three Generation of Porphyrins 
1.4.1 First Generation 
To search for a more efficient oxidative system, many groups'^''^ for the past 
decade have devoted much research effort to the development of more robust porphyrin 
ligands to circumvent porphyrin decomposition due to mainly self-oxidation. 
While FeTPPCl 2b can be classified as the first generation catalyst, it qualitatively 
reproduced most cytochrome P-450 reactions? Nevertheless, it encountered the problem of 
fast degradation of its porphyrin ring under strongly oxidizing condition and the tendency 
to form catalytically inactive iron ^i-oxo complexes^ (Figure 5). 
r v i ^ ^ • • -
Figure 5. p,-Oxo dimer formation derived from iron(III) m^j>c>-tetraphenylporphyrinato 
chloride complex FeTPPCl 2b. 
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1.4.2 Second Generation 
The second-generation catalysts such as (/ne50-tetramesitylp0q)hyrinat0) iron(III) 
chloride (FeTMPCl) 3b (Figure 3) and [mejo-tetrakis(2,3,4,5,6-
pentafluorophenyl)porphyrinato] iron(III) chloride (FeTPFPPCl) 4b were able to resist, to 
some extent, oxidative destruction as well as deactivation because of their steric hindrance 
to prevent jj,-oxo complex formation. Thus both 3b and 4b showed the formation of a 
resonably stable high-valent iron porphyrin radical cation" (related to J，Figure 2) and 
more effective catalysis in hydrocarbon oxidation.'^ A both more sterically protected and 
electronically deficient metalloporphyrin, represented by iron(III) m^jo-tetrakis(2,6-
dichlorophenyl)porphyrinato chloride Fe(TDCPP)Cl 5b with chlorine atoms placing on 
eight o-phenyl positions of TPP metalloporphyrin, was proved to be an unuaually good 
catalyst for the epoxidation of alkenes.'^ Its structural encumbrance with four meso-2,6-
dichlorophenyl groups orthogonal to the plane of the porphyrin ring and electronic 
deficiency induced by eight chlorine atoms make this catalyst effective towards epoxidation 
of norbomene with 300 turnovers per second (eq 2) and very high turnover numbers were 
obtained with iodosyl-pentafluorobenzene (PFIB) as cooxidant. A minimal catalyst 
destruction was observed. However only less than 200 turnovers of alkane hydroxylation 
were achieved before significant catalyst degradation began. 
/ i > 具 P ^ o + 办。 （2) 
1.4.3 Third Generation 
On the way to search for more robust catalysts, the third generation porphyrins 
which are characterized by electron-withdrawing substituents at the eight P-positions of 
porphyrin macrocycle has drawn the attention of chemists. Traylor and Tsuchiya^° were 
7 
the pioneers to prepare perhalogenated porphyrin P-octabromoporphyrin, H2TPP(PBr8) 6a 
followed by Dolphin et aP to synthesize a more electronic deficient porphyrin P_ 
octachloroporphyrin, HJDCPCpClg) 7a. Other potent electron-withdrawing groups^^' ^ ^ of 
p22, CF339，CN^ and NO2^' at the porphyrin macrocycle had also been prepared. 
The unusual catalytic robustness of perhalogenated porphyrins was mainly due to 
considerable electronic activation of the catalysts. While the eight chlorine atoms bonded to 
the o-phenyl groups change the oxidation potential of the Fe(III)/Fe(II) couple of 
Fe(TDCPP)Cl 5b by only 60 mV compared to Fe(TPP)Cl 2b，the additional eight 
chlorines on the p-positions of the porphyrin ring in Fe[TDCPP(PClg)]Cl 7b move the 
potential by more than 500 mV compared to I h ' ' Since the catalytically active high-valent 
iron porphyrin radical cations in these model systems, and in P-450, function effectively 
due to their electron deficiency, this additional 500 mV anodic shift renders this catalysts 
even more powerful. The following examples illustrate the improved catalytic activities of 
the third-generation metalloporphyrins where the porphyrin ring is fully halogenated. The 
effectiveness of iron(III) complexes as catalysts can be seen in Table 1. The total yield of 1， 
or 2, or 3- heptanols was significantly improved when Fe[TDCP(PClg)]Cl 7b or 
Fe[TDCPP(pBr3)]Cl 8b rather than Fe(TDCPP)Cl 5b was used. Furthermore, the 
chemoselectivity of the third-generation catalysts for alkane hydroxylation over aIkene 
epoxidation was enhanced as seen by the marked decrease of the epoxide to alcohol 
(including ketone) ratio in a competition experiment (Table 1). 
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Table 1 Comparison of heptane hydroxylation catalyzed by the second- and third-
generation catalysts® 
Catalyst heptanols total yield (%) epoxide:(alcohol + ketone)“ 
Fe(TDCPP)Cl 5b 38 n 
Fe[TDCPP(pClg)]Cl 7b 80 2.8 
Fe[TDCPP(PBg]Cl 8b 78 2.9 
(a) Fromref 8，heptane:PhIO:cat. = 800:20:1 in CH,C1,, [catalyst] 二 2mM，1 h at 20 "C; 
yields based on the PhIO consumed. 
1.5 Fourth-Generation of Porphyrins 
The design of porphyrin ligands for biomimetic studies as well as catalysis are 
based on two important parameters, namely structural bulkiness and electronic deficiency. 
The former has drawn much attention due to two important purposes: 1) To some extent, k 
provides resistance toward self-oxidation by mimicing natural system in which the tertiary 
protein structure prevents the active species from contacting other potentially oxidizable 
metalloporphyrins by conveying rigidity to the pocket above the porphyrin. Thus the amino 
acid backbone and side chains do not suffer intramolecular oxidation by contact with the 
active site; 2) Chemoselectivity through the non-bond interaction between peripheral 
substituents of porphyrin ring and approaching substrates could also be improved. As for 
the latter point, it is best demonstrated by the difference toward regioselective epoxidation 
(eq 3) of c/j-double bond of l,5,9-trans,cisJrajis-cyclo-dodec2iincne catalyzed by the 
sterically bulky TMP-based catalyst compared with the less bulky TPP-based catalyst 




_ L _ Catalyst 
— _ ^ — — + _ \ _ (3) 
L T L T n _ ^ ^ H 
Table 2 Epoxidation of l,5,9-^ra;tj-c/j-rra/zj-cyclododecatriene 
Catalyst Oxidant Cis/trans (selectivity ratio) 
Fe(TPP)(Cl) 2b M o 1 
Fe(TMP)(Cl) 3b PhlO 10.4 
The cis/trans selectivity ratio is adjusted to account for the two trans double bonds and the 
one cis double bond in the olefin. 
Recent studies^^' ^^  have been focused into porphyrins with structurally bulky and 
highly distorted conformation (Figure 6), particularly represented by P-aryl-substituted 
porphyrins such as dodecaphenyl porphyrin (H,DPP) 16 as models for study of biological 
functions of tetrapyrrole pigments such as heme, chlorophyll, factor F430 and cobalamin.^'' 
(a) ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ (b) 
: 燈 : ^ ^ ^ 
15a R = CgHs； Ri = CH3 
15b R = CeHs； R! = CH2CH3 
15c R = CeHs； Ri = CH2CH2CH3 
16 R = Ri = CeHs 
Figure 6. (a) Molecular structures of some highly substituted porphyrins and (b) Plots 
generated from the crystal structure of porphyrin 16 showing a saddle conformation of the 
macrocycle. The pyrrole rings are tilted alternately up or down with respect to the least-
squares plane of the 24 atoms of the porphyrin core.^ "^  
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• » 
It is believed that the non-planar conformation of the porphyrin macrocycle may 
modulate the redox properties as well as the axial ligand affinities of the central iron, thus 
playing an important role in the special functioning of the hemopoteins. 
Despite growing interest in exploring the chemistry of p-aryl-substituted 
porphyrins, its accessibility is limited by its tedious and low yield synthesis since previous 
method involved relatively inaccessible 3- and 3,4-substituted and tedious chromatographic 
separation and purification.^^ Nevertheless, Chan et aP were the first to report a facile 
method for the syntheses of bulky p-aryl-substituted porphyrins (Scheme 2). 
Pd(Ph3P)4, K2CO3 
H2TMP(Br)8 17 RB(OH)2 90100"C,7days H2TMP(R)8 19a-d 
or + “ or 
18a-d toluene 
H2TPP(Br)8 6 H 2TPP{R)8 20a-d 
p p Ar = 2A6-Me3C6H2; R = ph19a 
Ar r = ^ Ar R = P"MeCeH419b 
p ^ ) ^ ^ N ^ ^ ^ R R=pCIC6H4i9c 
V ^ H / ^ > V R = p - C F 3 C 6 H 4 1 9 d 
N N 
J L ^ H y A Ar = CgHs； R = Ph20a 
R \ ^ N ^ ^ ^ j 7 R R = p-MeC6H420b 
Ar ) / 「 A r R = p<:iC6H42Oc 
R R R = p-CF3C6H42Od 
Scheme 2 
1.6 Variation of Oxygen Donors and Bound Transition-Metals 
Apart from the need for the modification of porphyrin macrocycle, choice of metals 
and co-oxidants are of crucial factors to the pursuit of an effective oxidative system. 
Although chromium, cobalt and osmium porphyrins have been reported to catalyze aIkene 
epoxidation, the metalloporphyrins that gave by far the best results for P450-type 
oxidations were iron and manganese porphyrins? Various oxygen atom donors^ like 
iodosylarenes, NaOCl, alkylhydroperoxides, H2O,, amine oxides, peracids, NaClO2, O3, 
11 
pyridine-^-oxide and oxaziridines have been used sucessfully for epoxidation of alkenes 
and hydroxylation of alkanes, in the presence of Fe(III) or Mn(III) porphyrin catalysts. 
Various systems have also been developed for the direct utilization of dioxygen 
with the aid of a co-reductant. Tabushi and et af^ employed H: in combination with 
coUoidal platinum as co-reductant. Similarly, the use of zinc and acetic acid, ascorbate or 
sodium borohydride as the reducing agent has also been described.^^ However, although 
they constitute interesting biomimetic models, from a practical viewpoint these 'reductive 
oxygen activation' systems do not offer any advantages as the lower cost of dioxygen is 
offset by the need for a sacrificial reducing agent. In this regard, one should mention the 
remarkable result first described by Groves' et af which showed that Ru(TMP)(O)2 3e 
could catalyze the epoxidation of alkenes at room temperature by O: aIone without any 
consumption of a reducing agent. In addition, Lyons and Ellis were the first to demonstrate 
the use of Fe[TDCP(PClg)]Cl 7b to oxidize cyclooctane to cyclooxtanone by 0^ at 80°C/ 
1.7 Objective 
A recent publication^^ drew the attention of chemists over the effect of conformation 
of porphyrin macrocycle to their redox potential. It demonstrated that P_tetrachloro or p-
tetrabromo-TMP porphyrins was oxidatively more robust than the octachloro or octobromo 
derivatives. The redox chemistry showed that the p-octahalogenated TMP porphyrins 
H2TMP(P-X)8 (X = C1 or Br) were == 100 mV easier to oxidize than their tetrahaIogenated 
derivatives H^TMPCp-X)^ (X = C1 or Br). The X-ray structures of H2TMP(p-X)4 (X = C1 
or Br) are nearly plannar whereas that of H2TMP(P-X)8 (X = C1 or Br) are saddled (Figure 
7). This unexpected oxidative robustness is readily explained by the planarity 0fH2TMP(P-
X)4 (X = C1 or Br) which maximizes the electron withdrawing effect due to the halo-
substituents. This findings could help to design more oxidative robust porphyrins. 12 
(a) SffiJ==J^ Gt5;;=D^ iL^ )::5j>s5aa5),e:2S9*3E32Si2n& 
, __t_«ja»««&i®«~^**®^®*^**^»^，^'®^^ l^^ ^^ ^^  
(b) ^ ^ ^ 
_ ^ i 
' 。 ） ； ^ ^ ^ 
Figure 7. Edge-on views of the skeletons of (a) H,TMP(PCl)4, (b) HJMPCPBr), and (c) 
H2TMP(PCI)8 (the meso-mesityl groups are omitted for clarity). 
While the chemistry of P-tetraaryl substituted porphyrins in catalytic oxidation is 
unknown, we are interested in exploring the application of these porphyrins as potential 
catalysts especially the readily available P-tetraa17l substituted porphyrins. 
P-tetraaryl substituted mesityIporphyrins H,TMP(P-Ar)4 11-14 (Figure 3) are of 
interesting since these porphyrins adopt planar confcuTnation (Appendix 1) with four P_ 
aryl groups antipodal to each other and orthogonal to the plane of porphyrin ring while the 
octa-substituted derivatives are found to be structurally sadciled.^ "^  These antipodal P_ 
substituted bulky phenyl groups, coupled with four symmetncalIy distributed mesityl 
groups around the periphery of the porphyrin ring will be expected to provide a shallow 
pocket at the metal centre on both faces of the porphyrin macrocycle, thus serving as a 
protective fence against self-oxidation. By introducing a scries ofdifferent aryl substituents 
on the P-positions of the peripheral porphyrin macrocycle, the fine-tuning of the electronic 
properties of the porphyrin to screen an efficient catalyst may be achieved. 
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A large number of oxidation systems using metalloporphyrins have been reported 
for alkane hydroxylation, but little is known about the oxidation of aromatic rings catalyzed 
by metalloporphyrins. In most cases, the product yields based on the aromatic compounds 
used are too low for synthetic purpose. In 1995, M. Hirobe's group-^° was the first to 
describe a method for efficient and selective quinone formation from electron-rich aromatic 
compounds with the Ru(por)-2,6-disubstituted pyridine A^-oxide system in the presence of 
HBr or HC1 (eq 4). The alkoxybenzene derivatives were oxidized to afford mainly p-
benzoquinones with the highest turnover of 33000 in the case of m-dimethoxylbenzene. 
High selectivity was also demonstrated in which p-quinones were formed as the dominant 
products in good yield for alkoxybenzenes. As for our research, we choose this unique 
method with some easily available alkoxybenzenes to test the catalytic activities of our 
synthesized ruthenium P-tetraaryl substituted TMP porphyrins. 
R2 9 
r < ^ ^ ^ i ^ n r, ^ r ^ ^ ^ r - ^ - ^ 
「 1 f ^ 1 Ru Porphyrins r I 1 I … 、 J L + L 丄 + 丄 丄 （4) 
C I ^ N + ^ C I R 3 ^ " ^ ^ ^ ^ ^ ^ R l H B r o r H C I C I ^ N A C I R 3 " ^ ^ ^ | j ^ ^ R l 0- 0 
^ 22, R 1 = R 2 = R 3 = O M e 2 2 a ’ Ri = R 3 = O M e 
23, R 1 = R 2 = O M e , R 3 = H 23b, R i = O M e , R3=H 
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2. Results and Discussion 
2.1 Synthesis of P-tetraaryl Substituted Mesitylporphyrin and their 
Ruthenium Carbonyl Complexes 
3-Tetrabromo substituted mesitylporphyrin H2TMP(Br)4 10a was conveniently 
prepared via tetra-bromination of H2TMP 3a with NBS according to eq 5. 
N B S (6.7equiv) 
H2TMP H2TMP(Br)4 (5) 
33 C H C I 4 , reflux, 3 h 他，g^o/^ 
3-Tetraaryl substituted mesitylporphyrins H,TMF{R)i^' (R = p-OMePh 11a，Ph 12a p-
ClPh 13a, p-CF3Ph 14a) (Figure 8) were synthesized via Suzuki cross-coupling reactions 
with arylboronic acids (18a-d, 12 equiv) using a catalytic amount of Pd(PPh3)4 (10 mol% 
and anhydrous K^CO, (30 equiv) in toluene at 90-100 ^C under N, for 2 days (Table 3). 
^ c w ^ : : 
R ^ ^ H ) r ^ R 10a，R=Br 
I N N \\ 11a, R=p-OMePh 
' ^ ^ n ^ ^ , 一 
> < ^ O r ^ V A 13a，R=P-C.Ph 
^ ^ L ^ A J I ^ 14a, _ C F 3 P h 
Figure 8. Molecular structure of p-tetra substituted mesitylporphyrins. 
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Table 3. Suzuki Cross Coupling of HJMPCBr)^ with RB(OH)2 (eq 6 ) 
Pd(PPh3)4. K2CO3. 
90-100°C, 2-4 days 
H2TMPBr4 + 4RB(OH)2 ^ H2TMP(R)4 (6) 
toluene 
10a 18a-d 11a-14a 
R % yield of H2TMP(R)4 
p-MeOPh 18a 62 11a 
Ph 18b 70 (71) 12b 
p-CIPh 18c 75 13c 
p-CF3Ph 18d 71(75) 14d 
% yields in parenthesis are literature values"^ '^  
3-Aryl-substituted mesitylporphyrins were mthenatecP with RU3CO,2 according to 
eq 7 and the yields are shown in Table 4. 
Table 4. Percentage yield of Ru porphyrins. 
decalin 
H2TMP(R)4 + RU3CO12 >- RuTMP(R)4(CO) (7) 
6h 
11a-11d 11c-14c 
RuTMP(R)4(CO) 1 1 , R = % yield of Ru Porphyrins 
H 3C 50 
p-MeOPh 11c 30 
Ph 12c 33 
i!>CIPh 13c 25 
p-CF3Ph 14c 16 
16 
2.2 Oxidation of Aromatic Compounds Catalyzed by Ruthenium 
Porphyrins in 2,6-Dichloropyridine A^-Oxide System 
The catalytic reactivity of the newly synthesized tetra-B-aryl substituted mesityl-
porphyrinato ruthenium(n) carbonyl complexes for oxidation of aromatic compounds were 
examined and the results are tubulated in Table 5. 
In terms of chemoselectivity towards 尸-quinone formation, all the p-aryl substituted 
metalloporphyrins offered the same quinones as Ru(TMP)CO 3c did. Similar yields of 
quinone formation were obtained by Ru(TMP)(Ar4)CO l l c - 1 4 c when compared with 
Ru(TMP)CO 3c in similar reaction time. It seems that the four p-aryl groups did not 
improve the catalytic activity. 
The IR stretching frequencies of carbonyl groups from Ru(TMP)(Ar4)CO show an 
ascending order of C=0 stretching frequencies with Ru(TMP)O^-CF3Ph)4CO 14c == 
Ru(TMP)O7-ClPh)4CO 13c > Ru(TMP)(Ph)4CO 12c > Ru(TMP)O^-OMePh)4CO l l c . 
Therefore, the electronic deficiency for Ru(TMP)(Ar4)CO should follow the same order of 
arrangement as the above because the more back electron donating from electron-rich 
ruthenium porphyrin to the 7C* orbital of carbonyl group, the lower the CO stretching 
frequency. From the results, it is noteworthy to observe a trend of slightly increase in the 
yields of quinones formation just in parallel to the ascending order of electron deficiency of 
Ru(TMP)(Ar)4CO with the exception of Ru(TMP)(p-CF3Ph)4CO 14c porphyrin 
complex. It was believed that the most electronic deficient Ru(TMP)0^-CF3Ph)4CO 14 c 
should show the greatest catalytic activity over the other Ru(TMP)(Ar)4CO derviatives with 
respect to the product yield. Nevertheless, the unexpected result was obtained and the 
reason remained unclear. 
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The introduction of mejo-substituted aryl groups may modulate tthe electronic 
influence on the porphyrin ring in two different aspects. Firstly, P-substituted phenyl 
group bearing slightly electronic withdrawing character (with Hammett constant of around 
0.05 compared with H) may help to activate the porphyrin ring more than the non-
substituted porphyrin. Secondly, the aromatic phenyl group may participate in stablization 
of any charge-carrying active intermediate by resonance effect through 'coromumication' 
with the 18 7i electron system of the porphyrin ring. As for the latter, H. Hirobe^®^ 
postulated the formation of cationic Ru^^-oxo species as active intermediate for oxygenation 
and its reduced cationic Ru^ porphyrin as an active precusor in the pyridine-A^-oxide 
system. In this retrospect, i f the p-aryl substituted porphyrins were applied in the pyridine-
iV-oxide system, it may sound resonably to have both the active intermediate Ru^'-oxo and 
the reduced Ru^^ species stabilized by the resonance effect perturbated from the P-aryl 
substituted group. To some extent, it may lower the overall energy barrier for the 
generation of more active Ru^^-oxo intermediates for oxygenation and then increase the 
overall reaction rate accordingly. 
Unforunately, from the crystallographic data (Appendix) of the free-base 
H2TMP(Ph)4 12a，the dihedral angles between the P-substituted phenyl rings and the mean 
plane of porphyrin macrocycle is around 84" and that of the meso-substituted mesityl group 
and the mean plane is around 87°，almost parallel to each other. Under this situation, the 
resonance perturbation contributed by the P-substituted phenyl rings may not be apparent in 
the solid state although it may be different in the solution state. Furthermore, the bond 
length between the beta carbon and the phenyl ring is clearly single bond with average 
value of 1.527 (6) A and does not indicate any shortening suggestive of increased 
conjugation between the porphyrin and the peripheral phenyl rings. Therefore, the 
porphyrin rings can only be slightly activated by the P-substituted phenyl groups through 
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the distance-dependent inductive effect while even to a lesser extent, the effect was 
transmitted to the metal centre. In consequence, it may be explained why the correspending 
P-aryl substituted ruthenium porphyrins were not as substantiately activated as to offer 
noticable increase in product yield and shorter reaction time. 
The lower efficiency of the most electron-rich Ru(TMP)(p-OMePh)4CO 11c 
complex is likely due to self-oxidation and its lower reactivity may be due to the formation 
of more stable metal-oxo intermediates. 
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Table 5. Oxidation of aromatic compounds by the ruthenium porphyrin-2,6-dichloro-
pyridine 7V-Oxide system. 
Substrate Product % yield of product catalyzed by Ru Porphyrins 
(React ion Time in h ) 
RuTMP(CO) RuTMP(R)4CO, R = 
(p-OMePh) ^ ) (p-CIPh)~"(p-CF3Ph) 
3 c 1 1 c 1 2 c 1 3 c 1 4 c 
OMe 0 
X 入 
J C X X I 




^ ^ O M e J ^ O M e 61^ (7) 37(4 ) 42 (4 ) 4 4 ( 5 ) 37 (6 ) 
23 23a 
0 
r^ T^^ Y^^  r^ Y^%"^  
^'^.^^''>s,^^''>'^ ^^ 5i,,Av^ A,^ ^ 
X 19(7) 23(9) 26(8) 31(7) 32(9) 
24 24a 
q ^ ^ p 




^^=^^-^^ ^^"^T^^ 18b(5) 4(6) 8(5) 21(7) 15(5) 
0 
26 26a 
Reaction conditions''^^ substrate (1 mmol), Ru(por) (2 ^imol), 2，6-dichloropyridine-A^-oxide 
(2.4 mmol )’ 47% HBr (30 jiL，2-3 drops,-0.13M), molecular sieves 4A (300 mg) and 
benzene (2 mL) at 40 ^C under N!. Yields are based on the substrate used and reaction time 
was monitored by TLC. (a) 74% yield was reported from literature/^" (b) 29% yield was 
reported from literature.^°^ 
2 0 
Table 6. DR. stretching frequency of C=0 bond in Ru porphyrins 
Ru Porphyrins IR stretching frequency v (C=0) in cm_l 
RuTMP(CO) 3c 1929 
RuTMPO7-MeOPh)4(CO) 11c 1937 
RuTMP(Ph)4(CO) 12c 1939 
RuTMP0?-ClPh)4 (CO) 13c 1940 
RuTMPO7-CF3Ph)4 (CO) 14c 1940 
2.3 Synthesis of fran^-Dichloro-tetrakisO:'-chlorophenyl)-tetramesityl-
porphyrinato Ruthenium (IV) Complex, rran^-RuTMPO^-ClPh)4(Cl2) 
M. Hirobe et aP®, °^^  found that the more active and efficient pre-catalyst was a 
halo-ligated Ru complex 3d (Scheme 3) rather than RuTMP(CO) 3c or RuTMP(O)2 3e in 
the absence of the protic acid. It suggested that ruthenium porphyrins acted as efficient 
catalysts after conversion into C1' or B f coordinated complexes or at least into complexes 
which could be generated more easily from 3d than from RuTMP(O)2 3e or RuTMP(CO) 
3c. 
Recently, a novel one-pot synthesis of dihalogen-ruthenium(IV) porphyrin (eq 8) 
was realized by Gross et aP、while previous synthesis of the halo-ligated ruthenium 
porphyrins had only been possible by the tedious multi-steps synthetic methods"^ ®^ '^ "^  
(Scheme 4). However, the more direct one-pot synthesis is applicable to only lipophilic and 
sterically bulky ruthenium porphyrins. 
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To search for a more active catalyst, the /ra^z^-dichloro-P-tetraaryl-substituted 
ruthenium mesitylporphyrin represented by rr<2/iy-RuTMP(p-ClPh)4(Cl2) 13d was 
synthesized as shown in eq 9. 
C ^ ^ ^ ^ ^ ^ = TMP (tetramesitylporphyrin ) 3 
o 7 0 n + r ^ 
c 3 > ~ ^ ~ " - C S D x ^ A x 
0 HCI CI > ^ y 
3e m ^ \ 
^ ^ \ 
OH J ^ ; ^ 
i ^ . ^ ^ > % 
CI CI- ^ ^ n Q-
C ^ ， \ - d ^ — 7 - — — - C j D 
CI c「 CI CI 
3d f I 
x ^ i y ^ x 
6 -
Scheme 3. 
¢ ^ ^ ^ ^ ^ ^ ^ = TMP ( tetramesitylporphyrin ) 3 
CI 
mCPBA, CH2CI2 ^,>"Q-^ HCI (36%), benzene ^ , __ | __^ 
C ^ R ^ C f R ^ CJ^ 
^ ' Z o r.t. few mins ^ ' " o Molecular sieves 4A, r . t . 4 h ^ " ^ 
3c 3e 3d 
Ru(TPP)(CO) ' - ^ i = ? R u ( T P P ) _ 2 ^ 5 2 ^ [Ru(TPP)], H X， RuCrPP)Xa 
pyridine 10"^r r 
9CP/o 9 5 % 83-95% 
Scheme 4. Synthesis of rran5-dihal0-ruthenium TPP^^  and TMP^°' porphyrins. 
2 2 
r - " ^ ^ ^ " ^ ^ ^ ^ ^ ^ CCl4, reflux r^^^^^^^^^^^^^^!^ m、 
r \ N — R u - N ^ n N - R u - N H (8) 
A r ^ ^ ^ ^ { j ] r ^ A r Ar^ ^^ "^{^ Ar 
9c Ar = 2,6-dimethylphenyl ^d yield > 80 % 
Equation 8 Synthesis of rra^j-dichloro-tetra(2,6-dimethylphenyl)porphyrinato ruthenium 
(IV) porphyrin. 
CCI4, N2 
RuTMP(pCIPh)4(CO) ^ frans-RuTMP(p<:iPh)4CI2 (9) 
reflux, 8 h 
13c 13d(10%yield) 
Heating complex RuTMPO7-ClPh)4CO 13c in CCl4 for a few minutes resulted in a 
color change from orange to brown red. From TLC analysis, the reaction was complete in 
8 h. The prolonged time of heating was in contrast to that of reported ruthenium meso-
tetra(3,5-dimethylphenyl)porphyrinato carbonyl Ru(TdmPP)CO'"^ 9c (Figure 3) which 
took 2 h to complete the reaction. Apart from longer time, the major problem encountered 
included difficulties in purification due to large amount of unidentified and polar side 
reaction products, giving rise to only about 10% yield of product obtained in contrast to 
>80% yield for Ru(TdmPP)Cl2 9d. Pure product of rra/7j-Ru(TMP)O7-ClPh)4Cl2 13d was 
only obtained by recrystallization using CH^Cl/ CH3CH2OH solvent system more than 
twice. Chromatographic purification was found inapplicable by using silica gel and neutral 
aj[umina (I) as well as alumina (II) since the product was found to decompose during 
chromatography. 
The 'H-NMR spectrum of /ra/zj-Ru(TMP)(p-ClPh)4Cl2 13d shows 
paramagnetically shifted signals similar to those reported in rran5-Ru(TPP)Cl2 2d and 
trans-Ru(TdmPF)Cl2 9d. In particular, the chemical shifts of the pyrrole-H of (5 -53.00 
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ppm) 13d is comparable to the values of 5 -55.4 ppm 2d and 5 -57.7 ppm 9d respectively 
(CDCl3). The high symmetry of the complex is apparent by the observation of only one 
siglet for both the ortho-CH^ and the meta-H of the meso mesityl groups. 
2.4 Oxidation of Aromatic Compounds catalyzed by trans-Ru{TMP)-Q?-
ClPh)4 (Cy with 2,6-Dichloro-pyridine iV-Oxide. 
The efficiency in oxidation of aromatic compounds catalyzed by 13d was examined 
and the results are tabulated in Table 7. 
There was no significant difference in the product yields with respect to the catalyst 
13d when compared with 13c in the presence of HBr. Nevertheless, shorter reaction time 
was observed for 13d. This observation is consistent with Hirobe's proposal〕。。that halo-
ligated Ru porphyrin complex is the most efficient catalyst. 
2.5 Effect of Additives to the Catalytic Oxidation of Aromatic Compound 
by Ru(por)-2,6-dichloropyridine N-Oxide. 
In the mechanistic study of Ru(por)-pyridine-7V-oxide system in the presence of 
protic acid, Hirobe's et al^^^ highlighted the effect of axial ligand towards high efficient 
oxidation catalysis. Therefore, the effects of protic acids, the Br0nshed acids on the 
catalysis were then studied and the result is tabulated in Table 8 (run 1-4). 
Highest product yield (53%) (run 3) of 9,10-phenanthrenequinone was obtained by 
the addition of acetic acid compared with that of HBr or TFA. Shorter reaction time and 
higher yield were observed for larger amount of acetic acid added (10 equiv to run 2). 、 
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Table 7. Oxidation of aromatic compounds catalyzed by fraA2j-RuTMP(p-ClPh)4(Cl2) 
13d with 2,6-dichloropyridine A^-oxide. 
Substrates Products % Yield® of products catalyzed by Ru Porphyrins 
trans-RuJMP(pClPh)^C]2^ j RuTMP(p-CIPh)4(CO)^ 
1 3 d T ime(h ) | 1 3 c T ime(h ) 
O M e 0 
X X 
M e O " ^ ^ O M e M e O ^ S f O M e 95 6 92 9 
0 I 
22 22a 
q p ^ p 
^ ^ Jr~^r. 54 5 52 7 〇 〇 
25 25a 
0 I 
r ^ " Y ^ Y ^ r ^ ^ Y % ^ ^ 
^^ c^ :=^V:^ ^^ ^Xi^  ^^:x^^^Y^^^^ 31 5 31 7 
0 丨 
24 24a 
(a) Reaction condition is consistent to the previous typical procedure but without HBr (47 
%) added. Qj) The same reaction condition but with HBr (47 %) added, (c) isolated product 
yields are based on starting substrate, (b) Reaction time was determined by TLC. 
Assuming the proposed active intermediate formation for rran5-Ru(TMP)(CH3COO)2 and 
trans-Ru{TMP){CF^COO)2. the rran5-Ru(TMP)(CH,C00), bearing a more basic acetate 
ligand was found to be the most active catalyst to offer highest yield of quinone formation. 
Nevertheless, the use of acetic acid gave lower efficiency in terms of reaction time than that 
of HBr. This may be readily explained that longer induction time was necessary for the in 
situ formation of rra^-Ru(TMP)(CH,COO)2 from Ru(TMP)(O)2 3e in the presence of 
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AcOH. Highest product yield (53%) (run 3) of 9,10-phenanthrenequinone was obtained by 
the addition of acetic acid compared with that of HBr or TFA. Shorter reaction time and 
higher yield was observed for larger amount of acetic acid added (10 equiv, run 3). 
Table 8. Oxidation of phenanthrene catalyzed by RuTMP(CO) 3c with 2,6-
dichloropyridine-iV-oxide in the presence of protic acids and Lewis acids. 
Run Additive Product Yield® Recovered Yield % Reaction 
% 
(Unreacted Time^ (h) 
substrate) 
H P 邵 
0 0 
25a 25 
1 HBr (47%, 2-3 drops, 0.13M) 40 25 7 
2 AcOH (100%, 0.1mL, 0.87M) 23 40 96 
3 AcOH (100%, 1 mL, 8.7M) 53 26 24 
4 TFA ( 50%=, 2-3 drops, 0.07M) 12 53 96 
5 14% BF3.MeOH (2-3 drops, 30mM) 13 48 72 
6 ZnCI2^ (30 equiv) trace 96 -
7 none nons - -
Reaction condition was identical to the previous typical procedure except with different 
additives added, (a) Isolated product yields were based on the starting substrate, (b) 
Reaction time was determined by TLC. (c) high concentration of TFA should not be used 
to avoid demetallation. (d)30 times to the catalyst used and minimum amount of MeOH was ‘ 
used to dissolve the ZnCl2 salt. 
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2.6 Effect of Lewis Acids on the Catalytic Oxidation of Aromatic 
Compound by Ru(por)-2,6-Dichloropyridine N-Oxide. 
Lau et a P was the first to demonstrate Lewis acid catalyzed oxidation of alkanes in 
barium ruthenate BaRu(O)2(OH)3 salt system. It had been shown that by the addition of a 
few equivalent of Lewis acid eg. BF3 MeOH, AlCl3, ZnCl2, FeCl3 etc., the overall 
reactivity of the oxidation was enhanced dramatically. It was postulated that the adduct 
formation (Figure 9) between Lewis acid namely BF; and oxygen atom of Ru-oxo complex 
formed a more active intermediate for oxygen transfer. The adduct is formed through a 
dative bond in which the lone-pair electrons from oxygen of Ru-oxo is covalantly bound to 
the vacant unhybridized 2p orbital of B F ” The accelarating effect is thus due to electron 
withdrawing effect by the Lewis acid, which would make the Ru-oxo complex more 
electrophilic and then strongly oxidizing towards substrate. 
From the results in table 8 (runs 5,6 and 7), it seems that the suggested Lewis acid 
catalyzed mechanism may also apply to the Ru porphyrin system as the catalytic activity 
was parallel to the strength ofLewis acid added. 
> F 
^ f C ^ 
( ^ ^ Ru ^ ^ ( ^ 2 > = TMP porphyrin 
Figure 9 Proposed adduct complex formation between Ru-oxo and BF? 
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3. Conclusion 
3-Tetrakis-aryl-tetramesityporphyrinato ruthenium(II) carbonyl complexes 
Ru(TMP)O7-XPh)4CO (X = OMe 11c’ H 12c，C1 13c，CF, 14c) were successfully 
synthesized and their catalytic activities towards aromatic oxidation to yield quinones using 
2,6-dichloropyridine A^-oxide as oxidant were studied. More electron deficient ruthenium 
porphyrins offered slight increase in the overall yield of quinones with the exception of 
Ru(TMP)(p-CFPh)4CO complex. These P-ary-substituted ruthenium porphyrins showed 
similar catalytic activities compared with Ru(TMP)CO 3c. Therefore, the P-aryl 
substituents did not change the catalytic reactivity of P-ary-substituted ruthenium 
porphyrins significantly. 
A new type of catalyst of franj-dichloro-tetrakis(p-chlorophenyl)-tetramesityl-
porphyrinato ruthenium(IV) complex 13d was synthesized. It was found to be a more 
active catalyst than Ru(TMP)(p-ClPh)4CO in terms of reaction rate as it took shorter time to 
complete reaction. 
Protic acids such as acetic acid and trifluoroacetic acid and Lewis acids such as 
BF3 MeOH and ZnCl2 showed co-catalytic effect in the 2,6-dichloropyridine A^-oxide 
system. 
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4. Experimental section 
Melting points were uncorrected. FT-IR spectra were measured on a Perkin Ekner 
1600 FT-IR spectrophotometer as neat films on KBr plates. UV-Vis spectra were recorded 
on a Hitachi U-3300 spectrophotometer using CH^Cl〗 as solvent. ^H NMR spectra were 
measured at Brucker W M 250 MHz or Brucker DPX-300 (300 MHz). In aU *H NMR 
measurements, chemical shifts were referred to CDCl3 5 = 7.26 ppm or tetramethylsilane 5 
=0.00 ppm. Mass spectra were obtained either in EI mode at 70 eV on VG 7070F Mass 
Spectrometer or in FAB or SJMS mode using m-nitrobenzyl alcohol (NBA) as the matrix 
on Brucher APEX 47e FT-ICR. Elemental analyses were performed by the Medac Ltd., 
Department of Chemistry, Brunei Univeristy, U.K. Unless otherwise noted, all materials 
were obtained from commercial suppliers and used without further purification. THF was 
distilled from sodium benzophenone ketyl and toluene was distilled from sodium both 
immediately prior to use. M cross coupling reactions were run with the reaction mixture 
deoxygenated by the freeze-pump-thaw method (-195 to 25 ^C, three cycles). Flash 
chromatography was performed on silica gel (70-230 or 230-400 mesh) or on neutral 
aluminium oxide. 
General procedure for arylboronic acid synthesis^^^ 
Magnesium turnings (30 mmol) were placed in a round-bottomed flask and then flame 
dried under N?. Aryl bromide (30 mmol) dissolved in THF (20 mL) was added with an 
addition funnel to the flask slowly. The reaction mixture was gently refluxed for 3 to 4 h. 
After cooling, the Grignard reagent was transferred slowly to a solution of (CH3O)3B in 
THF (10 mL) at -78 ^C with a cannular. After the addition, the solution was warmed to 
room temperature slowly and stirred over night. After acidified with 10% HC1 (10 mL), the 
arylboronic acid was extracted into ether (3 x 100 mL) and dried (sodium sulfate). The 
solvent was then removed under reduced pressure. The arylboronic acid was dissolved in 
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ether and was added with n-hexane to precipitate arylboronic acid which was further 
recrystallized from water. 
/7-Methoxyphenylboronic Acid (18a)^^^ White needles were obtained in 65% yield; 
mp 197 - 198 oc (lit.' ' ' 202 - 205 OQ. 'H NMR (CDCl3, 250 MHz) 5 3.85 (s, 3 H)，4.52 
(s’ 2 H), 6.93 (s, 2 H, J = 8.7 Hz), 7.68 (d, 2 H, J = 8.7 Hz). MS m/e: 152 (M+). 
/ ; -Chlorophenylboronic Acid (18c)"^^ White plates were collected in 53% yield; mp 
264-268 o c ( l i t . ' ' 268-272 OQ. 'H NMR (CDCl,, 250 MHz) 5 4.61 (s, 2 H), 7.48 (d, 2 
H, J = 8.1 Hz), 8.12 (d, 2 H, J = 8.2 Hz). MS m/e : 156 (M+). 
/7-(a, a, a -Tr i f luoromethy l ) -pheny lboron ic Acid (18d)^^ White needles were 
collectedin 57% yield; mp 231-235 oc ( l i t / ' 230-235 OQ. 'H NMR (CDCl3, 250 MHz) 
5 4.75 (s, 2 H), 7.65 (d, 2 H，J = 8.1 Hz), 7.86 (d，2 H, J = 7.4 Hz). 
Synthesis of 2，3，12，13-Tetrabromo-5, 10，15，20-tetramesityl-
porphyrin，H2TMP(Br)4 (lOa)^^' H,TMP 3a (500 mg, 0.64 mmol) and N-
bromosuccinimide (409 mg, 5.11 mmol, 8 equiv ) were refIuxed in chloroform for 3 h 
until the Soret band had shifted to 430 nm. The mixture was added with silica gel and 
rotary evaporated to dryness. The product was purified on a dry column chromatography 
using a mixture of hexane: CH.Cl^： toluene (15: 3 :1) as the eluent. The violet solid 
obtained was recrystallized from CH^Cl^ / MeOH to yield pure violet crystals of 
H2TMP(Br)4 (391 mg, 51% yield), R/ == 0.16 (CH.Cl,: hexane: toluene = 2.5 : 15 : 1); 
'H NMR (CDC1,, 250 MHz) 5 -3.00 (bs, 2 H)，1.75 (s，24 H)，2.59 (s, 12 H)，7.23 (s, 8 
H)，8.59 (s, 4 H). UV/Vis ? i _ (CH,C1,, nm, log 8): 429 (5.71)，526 (4.66)，602 (4.32), 
665 (4.38). 
3 0 
General coupling procedure for H2TMP(R)2 (lla-14a)'^' 
A 50 mL teflon-stoppered flask was charged with HJMP(Br)4 (8) (1 equiv), (Ph3P)4Pd 
(10 - 20 mol %), toluene (25 - 30 mL) and anhydrous potassium carbonate (30 equiv), 
arylboronic acid (12 equiv). The brown-yellow suspension was degassed by the freeze-
pump-thaw method (3 cycles), and then was heated between 90-100 °C under N2 for 2 
days. The reaction mixture was worked up by extracting with equal volume of CH^Cl〗 and 
washed with satd NaHCO3 (40 mL), water (2 x 40 mL), brine (40 mL). The organic layer 
was dried with anhydrous MgSO4 and rotary evaporated to dryness. The crude product 
was purified by column chromatography on silica gel. The purple band was collected and 
the purple solid was further recrystallized from CH^Cl^ / MeOH. 
2，3，1 2， 13-Tetrakis-(phenyl)-5, 10， 15， 20- te t rames i ty lporphyr in , 
H2TMP(Ph)4 (12a)27c Yield (71%), R / = 0.62 (CH,C1,: hexane = 5:8). 'H NMR 
(CDCl3, 300 MHz) 5 -2.03 (s, 2 H), 1.77 (s, 24 H)，2.25 (s, 12 H), 6.65 (s, 8 H)，6.83-
6.99 (m, 20 H), 8.30 (s, 4 H); UV/Vis 入醒（CH，(^, nm, log e): 430 (5.49), 525 (4.57)， 
596 (4.38). 
2，3，12，13-Te t rak is - (4 ' - ch lo ro -pheny l ) -5 , 1 0，1 5，2 0 - tetramesity l-
porphyr in , H2TMP(/7-ClPh), (13b) Yield (70 %)，pinkish precipitate crystallized 
from dichloromethane / hexane. 'H NMR (CDCl,, 300 MHz) 6 -2.16 (s, 2 H), 1.75 (s, 24 
H), 2.37 (s，12 H), 6.74 (s, 8 H), 6.90 (s, 16 H), 8.35 (s, 4 H), UVA^is 入匪(CH.Cl,, 
nm, log £): 431 (5.57), 524 (4.71), 603 (4.52). L-SIMS (NBA) m/e\ 1225 (M+). Anal. 
Calcd. for C30H,,N,Cl4: C, 78.53; H，5.44; N，4.58. Found: C, 78.26; H，5.92; N，4,48. 
2，3，12，13-Tetrak is-(4 ' -a , a, a - t r i f luoromethy l -pheny l ) -5 , 10，15，20-
tetramesi ty lporphyr in, H2TMP (p -CF3Ph)4 (14a)27c Yield (75%) R/ = 0.25 
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(toluene : hexane = 5 : 6). 'H NMR (CDCI3，250 MHz) 5 -2.25 (s, 2 H)，1.74 (s, 24 H), 
2.26 (s, 12 H), 6.66 (s, 8 H), 7.05-7.16 (m, 16 H), 8.35 (s, 4 H). UVA% ?1_ (CH.Cl^, 
nm, log £): 431 (5.40), 524 (4.50), 600 (4.31), 662 (4.27). 
2，3，12， 13-Tet rak is- (4 ' -methoxy-phenyl ) -5 , 10， 15， 20-tetramesi tyI 
porphyr in , H^TMPO^-OMePh)^ ( l l a ) Yield (62%)，R/= 0.09 (CH.Cl, ： toluene: 
hexane = 6 : 1 : 1) 'H NMR (CDCl3, 300 MHz) 5 -2.03 (s, 2 H), 1.77 (s, 24 H), 2.30 
(s, 12 H), 3.75 (s, 12 H)，6.45 (d, 8 H, J = 8.6 Hz )，6.70 (s，8 H), 6.91 (d, 8 H, J = 
8.6 Hz), 8.25 (s, 4 H). UVA% 入_ (CH,C1,, nm, log £): 433 (5.94)，526 (5.10), 601 
(4.90). L-SIMS (NBA) w/e: 1207 (M+). Anal. Calcd. for C34H7,O4N^ 3H2O (H)_0 may 
come from solvent): C, 79.97; H, 6.71; N, 4.44. Found: C，80.36; H，6.43; N，4.46. 
A typical procedure for Synthesis of (2，3，12，13-Tetrakis-
aryl-5, 10，15，20 - tetramesitylporphrinato) Ruthenium (II) 
Carbonyl 
Suspension of free-base porphyrin (1 equiv) and ruthenium carbonyl Ru3(CO),, (1.5 
equiv) in decalin (5 mL) was refluxed under N^ for about 6 h. Solvent was evaporated 
under vacuum (0.015 mmHg) and the orange red product was purified by column 
chromatography using a solvent mixture of CHjCU and hexane. Pure product was obtained 
after crystallization from CH^Cl〗/ C2H5OH. 
(5， 10， 15， 20-Tetramesitylporphyrinato) Ruthenium ( I I ) Carbony l , 
RuTMP(CO) (3c)35 Yield (50%), Rf= 0.27 (CH,C1, : hexane = 1 : 1). 'H NMR 
(CDCl3, 250 MHz) 5 1.18 (s, 12 H), 1.91 (s，12 H)，2.58 (s, 12 H), 7.22 (s, 8 H), 8.42 
32 
(s’ 8 H) . IR , V ( C = 0 ) : 1929 c m - l . UVA^is 人咖兀(CH^Cl^, nm, log 8): 412 (5.48)，527 
(4.61). 
(2，3，12，13-Te t rak i s - (pheny l ) -5 , 10，15，20- te t rames i t y lpo rphy r ina to 
ru then ium ( I I ) carbonyl , RuTMP(Ph)4(CO) (12c) Yield (33%)，R/= 0.48 ( CH, 
C1,: hexane = 10 : 13), 'H NMR (CDCl,, 300 MHz) 5 1.68 (s, 12 H), 1.85 (s, 12 H), 
2.23 (s, 12 H)，6.57 (s, 4 H), 6.63 (s, 4 H) 6.82-6.99 (m, 20 H), 8.18 (s, 4 H); UVA^is 
>Snax (CH,Ci^, nm, log 8): 420 (5.34)，538 (4.55). IR v(C=0): 1939 c m ] . L-SIMS (NBA) 
m/e\ 1214 (M+), 1186 (M+-CO). Anal. Calcd. for C,,U,,N,RuO CJAflH : C，79.08; H， 
5.92; N，4.44. Found: C, 78.93; H，5.69; N, 4.50. 
2，3，1 2，1 3 - Tetrakis - (4， - chloro - phenyl) - 5，1 0，1 5，2 0 -
tetramesi ty lporphyr inato Ruthenium ( I I ) Carbonyl , RuTMP^?- C lPh) , (CO) 
(13c) Yield ( 25% ), Rf= 0.24 (CH2Cl2 ： hexane = 7 : 10)，'H NMR (CDCl,, 300 MHz) 
6 1.66 (s, 12 H)，1.81 (s, 12 H), 2.36 (s, 12 H)，6.68 (s, 4 H), 6.72 (s, 4 H)，6.87-6.92 
(m，16 H)，8.19 (s, 4 H). UV/Vis X,,,, (CH,C1,, nm, log 8): 420 (5.64), 537 (4.83). IR v 
( C = 0 ) : 1 9 4 0 c m - i . Anal . Cald. for C , ,H , ,N4C l ,ORu 3(C,H5OH): C, 70.14; H , 5.55; N , 
3.76. Found: C, 69.79; H, 5.03; N, 3.89. 
2，3，12，13-Tet rak is - (4 ' -a , a, a - t r i f l uo romethy l -pheny l ) -5 , 10，15，20-
tetramesity lprophyr inato Ruthenium ( I I ) Carbonyl, R u T M P ^ ; -
CF3Ph)4(CO) (14c) Yield (16%), Rf= 0.24 (CH,C1, : hexane = 10 : 7)， 'H NMR ( 
CDCl3, 250 MHz ) 5 1.65 (s, 12 H), 1.82 (s, 12 H)，2.24 (s, 12 H)，6.59 (s, 4 H), 6.65 
(s, 4 H), 7.12 (s, 16 H), 8.18 (s, 4 H). UVA^is 入匪(CH,C1, nm, log 8): 420 (5.42)，540 
(4.65). IR V (C=0): 1940 cm'l L-SIMS (NBA) m/e: 1486 (M+)，1458 (M+-CO). 
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2, 3，12, 13 - Tetrakis - (4，- methoxy - phenyl) - 5，10，15，20 -
tetramesitylporphyrinato Ruthenium (I I ) Carbonyl, RuTMP(/? -
OMePh)4(CO) ( l l c ) Yield (30%), R / = 0.09 (toluene : CHCl3 : hexane 二 12 : 9 : 8 )• 
iH NMR ( CDCl3, 300 MHz ) 5 1.67 (s, 12 H), 1.83 (s, 12 H), 2.29 (s, 12 H), 3.75 (s, 
12 H), 6.42 (d, 8 H, J = 8.5 Hz), 6.64 (s, 4 H), 6.69 (s, 4 H), 6.88-6.94 (m, 8 H)，8.14 
(s, 4 H). UVAVis 入_ (CH.Cl^, nm, log £): 421 (5.55), 537 (4.87). IR v (C=0): 1937 cm' 
1. Anal. Cald. for C85H76O5N4Ru.3(C2H5OH): C, 74.21; H，6.43; N，3.80. Found: C, 
73.84; H，5.82; N，3.96. 
rraw5 - [2 ,3 ,12,13- te t rak is - [ (4 ' -ch loro-pheny l ) -5 ,10,15,20- te t ramesi ty l -
porphyr inato] Ruthenium ( IV) Dichlorde (13d) To a 50-mL round-bottom 
flash was charged with RuTMP(p-ClPh)^CO 11b (0.1 g, 0.07 mmol) and CCl4 (30 mL). 
The mixture was stirred vigorously and heated to reflux under N^ for around 8 h. Solvent 
was removed. The crude product was obtained after crystallization twice from CH^Cl] / 
C,H5OH to afford pure crystalline violet product with 10% yield. 'H NMR (CDCl,, 300 
MHz) 5 -53.00 (s, 4 H)，3.52 (s, 12 H), 4.454 (d, 8 H, J = 7.5 Hz), 7.26 (s, 24 H)，9.78 
(d, 8 H, / = 7 . 2 Hz), 15.28 (s, 8 H), 9.78 (d, 8 H, 7 = 7 . 2 Hz); UVA^is 入_ (CH,C1.. 
nm, log 8): 420 (5.3), 527 (4.3); L-SIMS (NBA) m/e: 1395 (M)+，1360 (M-Cl)+，1324 (M-
2C1)+; Anal. Cald. for C,^U,J<i,Cl,Ru'3{C,HfiH): C, 67.44; H, 5.40; N, 3.66. Found: 
C, 67.45; H，4.62; N，3.26. 
Synthesis of 2，6,-Dichloropyr id ine- l -oxide (21)'6 2，6-Dichloropyridine (3.0 
g)，trifluoro-acetic acid (60 g), and 30% hydrogen peroxide (12 mL) were refluxed at 100 
•C for 5 hours. After the solution had cooled to room temperature, water (250 mL) was 
added. The white precipitate was filtered off. The yellow-orange filtrate was evaporated to 
a small volume at 30 oc in vacuo (0.015 mmHg) and chloroform (3 x 25 mL) was added 
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to this residuai material. This solution was treated with anhydrous potassium carbonate 
until carbon dioxide evolution had ceased. After filtration, chloroform was evaporated to 
dryness and then further purified by passing through a thin pad of neutral aluminium oxide 
with ethyl acetate as the eluent. Recystalization from a mixture of benzene and heptane 
afforded the white crystal product (1.7 g, 50%) melted at 140-140.5 ^C (lit.' ' 139.5-140.5 
OQ; MS in/e\ 163 (M)+. 'U NMR (CDCl3, 300 MHz) 5 7.07 (t, 1 H，J = 8.2 Hz, J = 8.1 
Hz), 7.41 (d, 2 H , 7 = 8 . 2 Hz). 
Preparation of Quinones by the Oxidation of Arenes with 2,6-
Dichloropyridine A -^oxide / Ru porphyrin System in the presence 
of HBr30a 
A typical procedure for quinone preparation is shown as follows. To a solution of an arene 
(1.0 mmol), 2,6-dichloropyridine "-oxide (392 mg, 2.4 mmol), and a Ru porphyrin ( 2 
p,mol) in benzene (2 mL) were added molecular sieves 4A (300 mg) and 30 jjJL of 47% 
hydrobromic acid (2-3 drops). The mixture was stirred under N, at 40 ^C. After reaction， 
the molecular sieves were filtered off. The filtrate was chromatographed on silica gel 
(eluent: n-hexane-CH.Cl^) to afford quinone. 
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Preparation of Quinones by the Oxidation of Arenes catalyzed 
by TranS'RuTMF(P'ClFh)^Cl2 in 2,6-Dichloropyridine iV-oxide 
System 
To a solution of an arene (1.0 mmol), 2,6-dichloropyridine "-oxide (392 mg, 2.4 mmol), 
and a Ru porphyrin (2 jJinol) in benzene (2 mL) were added molecular sieves 4A (300 mg). 
The mixture was stirred for under N^ at 40 ^C. After reaction, the molecular sieves were 
filtered off. The filtrate was chromatographed on silica gel (eluent: n-hexane-CH^Cy to 
afford quinone. 
Preparation of Quinones by the Oxidation of Arenes catalyzed 
by RuTMP(CO) in 2,6-Dichloropyridine iV-oxide System with 
addition of Br0nsted acid and Lewis acid. 
To a solution of an arene (1.0 mmol), 2,6-dichloropyridine A^-oxide (392 mg, 2.4 mmol), 
and a Ru porphyrin (2 jJjnol) in benzene (2 mL) were added molecular sieves 4A (300 mg) 
and Br0nsted acid [acetic acid 0.1 mL or 1.0 mL; trifluoroacetic acid (2-3 drops)] or Lewis 
acid [(14% BF. MeOH, 2-3 drops or ZnCl? 30 equiv)]. The mixture was stirred under N, 
at 4CTC. After reaction, the molecular sieves were filtered off. The filtrate was 
chromatographed on silica gel (eluent: n-hexane-CH^Cy to afford quinone. 
2,6-Dimethoxy-p-benzoquinone (22a)-''^ Rf= 0.152 (CH.Cy , 'H NMR (CDCl3, 
250 MHz) 5 3.79 (s, 6 H)，5.82 (s, 2 H); MS (EI) m/e 168 (M+), 138 (M+-OCH3). 
2-Methoxy-;7-benzoquinone (23a)-^ R / = 0.1 (CH.Cy, 'H NMR (CDCI3，250 
MHz) 5 3.81 (s, 3 H)，5.92 (s, 1 H), 6.69 (s, 2 H); MS (EI) m/z 138 (M+)，108 (M+-
OCH3). 
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Anthraquinone (24a)-'"" R / = 0.5 (CH2Cl2 ： hexane = 5: 2)，'H NMR (CDCl,, 250 
MHz) 5 7.82 (dd, 4 H, J: 3.4 Hz, J = 6.0 Hz), 8.29 (dd, 4 H, J = 3.4 Hz, ] : 6.0 Hz); 
MS (EI) mJz 208 (M+), 180 (M+-CO), 152 (M+-2C0). 
9, 10-Phenanthrenequinone (25a)'^"R/ = 0.23 (O^Cl? : hexane = 5 : 2), 'H NMR 
(CDCl3, 250 MHz) 6 7.45 (dd, 2 H , / = 7.7 Hz), 7.70 (dd, 2 H, J 二 7.8 Hz), 8.02 (d, 2 
H, J = 8.0 Hz), 8.19 (d, 2 H，J = 7.8 Hz); MS (EI) m/e 208 (M+), 180 (M+-CO)，152 
(M+-2CO). 
1，4-Naphthoquinone (26窪严 Rf= 0.21 (CH,C1, : hexane = 10 : 3), 'H NMR 
(CDCl3, 250 MHz) 6 6.94 (s, 2 H) 7.74 (dd, 2 H, J= 3.5 Hz), 8.04 (dd, 2 H, J = 3.4 
Hz,); MS (EI) m/e 158 (M+), 130 (M+-CO). 
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Part 2: Imine Complexes of Ruthenium and 
Manganese with Acyclic Tetradenate 
N2O2-Donors as Oxidation Catalysts for 
Styrene Epoxidation 
1. Introduction 
The direct oxidation of hydrocarbons is a field of both academic and industrial 
importance and challenge. While the classical oxidation with some common organic 
oxidants e.g. peracids and iodosylarenes have been known for almost years and have 
found great use,''^ the use of transition-metal complexes as catalysts has received 
increasing attention during the past two decacles/ There are many reasons for this 
intriguing development: e.g. the requirement for functionalization of lower alkenes formed 
as byproducts in the manufacture of gasoline by gas oil cracking; the interest in 
understanding reactions of biological importance; the need for partial selective oxidation 
and the preparation of compounds with a specific spatial structure. 
The use of transition-metal complexes seems to fulfill some of these requirements. 
Nevertheless, one of the major problems in catalysis remains the development of catalytic 
methods for selective functionalization of unactivated carbon-hydrogen bonds. Classical 
oxidants like MnO4", RuO4 although show rigorous reactivity towards oxidation of organic 
substrates，their limitations in wide application confine to the difficulty in reactivity control 
which leads to products from C-C bond cleavage. 
Transition metal catalysts could be subjected to a variety of modification with 
respect to reactivity and selectivity and this can be accomplished by adjustment of their 
coordinating ligands. The use of the coordinating ligand is essential as it usually serves as a 
vehicle to fine tune the redox potential of the metal complex and to control the chemo- and 
stereo-selectivity in oxidation. 
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\ _ / [0] P\ 
, c - C \ ^ - c - c — (1) 
Among different types of oxidation, epoxidation reaction (eq 1) as a prime 
oxidation reaction is of pertinent both for acedemic and industrial utilities because the 
formed epoxides are intermediates that can be converted to a variety of products. For 
asymmetrical synthesis, reaction 1 is also attractive since it can lead to two chiral carbons in 
one step. 
1.1 Salen-type Metal Complexes with N2O, Anionic Donor Set 
Besides metalloporphyrins, transition metal complexes containing imine ligands 
have been shown to be efficient oxidation catalysts. This area has been highlighted by the 
work of Kochi et af on the oxidation chemistry of metal salen complexes (Figure 1). 
I — — \ 30 R = R' = H 
y ^ ^ N ^ ^ ^ ^ ^ " ^ ^ 31 R 二 R' 二 Me〇 
R ~ ^ )h-0^ \ 〇 ~ " ^ / ^ ' 32R = R' = C6H5 
\ 1 ^ = / 33 R 二 R| = CI 
a M = H2 b M = Ni c M = MnPFe 34 R = R' = NO2 
d M = [Cr〇]+ e M = [Ru(PPh3)(py)]CIO4 
Figure 1 Molecular structure of metal-salen complexes 
In the epoxidation of alkene with PhIO catalysed by chromium salen complex, a 
chromium-oxo complex [Cr (V ) (salen )0]+7a 30d has been isolated and demonstrated to be 
an active intermediate for oxygen transfer. Thus, metaI-oxo complexes are likely to be 
active intermediate in other related catalytic oxidation. 
Indeed as a ligand, salen has the desirable characteristic of being readily subjected 
to systematic modification of its electronic and steric properties. In particular, substituents 
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on the 5-positions (Figure 1) which are para to the pair of ligating oxygen atoms strongly 
perturb the redox properties of the metal salen complexes. The electronic effect due to 
substituents on 5-positions of salen (Figure 1) towards the overall catalytic activities was 
demonstrated by Kochi et alJ^ They showed that in epoxidation of 1-octene catalyzed by 
substituted Mn-salen with PhIO oxidant (eq 2). Those Mn-salen complexes with electron-
releasing substituents such as the 5,5'-dimethoxy 31c and 5,5'-diphenyl 32c derivatives 
gave only poor yield of 1-octene oxide, whereas those with 5,5'-dichloro 33c and 5,5'-
dinitro 34c substituents led to best yield of epoxide (Table 1) 
/ \ [Mn(Salen)]PF6 f >s, 
^ / 0 (2) 
V _ y PhIO V _ ^ 
Table 1 Effect of catalyst structure on the epoxidation of 1-octene. 
(Salen)Mn'", R = R' = 1-Octene epoxide, % yield" 
5,5'-dimethoxy 31c 12 
5,5'-diphenyl 32c 15 
5,5'-dichloro 33c 41 
5,5'-dinitro 35c 59 
Ref7c: Alkene : PhOI : Mn"^Salen 二 0.3 : 0.15 : 0.011 mmol in 5 mL of acetonitrile. (a) 
percentage yields expressed relative to PhI formed. 
An effective catalytic oxidation system with Ni-salen complex was reported by 
Burrows etal" (eq 3). Under the most optimal condition, Ni-salen complex 30b showed 
similar catalytic activity compared with Fe(III) complex of tetra(2,6-
dichlorophenyl)porphyrin (TDCPP) (Table 2). 
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R1 r C o - o l ^ A r ^ R i ？? 
/ = ^ ^ 鄉 ^ I 产 + A � 
^ 2 NaOCI, pH=9.31(borate buffer) "2 Ri H 
CH2CI2, PTC = BzNBu3+Br-
Table 2 Tumover number and selectivity of P-methylstyrene epoxidation using NaOCl 
and Ni"(Salen) 30b catalyst. 
Catalyst pH Salen mole %^ Conversion %^ Selectivity %° Turnover No. 
min-i 
30b ^ TTs T^ ^i 22l 
FeCTDCPP)CI 9.3 0 78 87 218 
R e f l l : Alkene : NaOCl: Ni"(Salen) : BzNBu.'Bf 二 4 : 1.5 : 0.15 : 0.001 mmol in 10 mL 
of CH2Cl2. (a) (moles of addition salen/moles of aIkene)xlOO. (b) Disappearance of 
alkene. (c) Epoxide/total products. 
1.2 High-valent Ruthenium Complexes with TC-Aromatic Imine Ligand 
Application of ruthenium complexes as catalysts for organic oxidation,^^ like the 
oxidation of alkenes, alkanes and alcohols is of current interest. In particular, successful 
isolation of some ruthenium-oxo c o m p l e x e s " " containing polypyridyl and phenanthroline 
ligands has found their ways into catalytic and stoichiometric oxidation of organic 
substrates. 
Studies of ruthenium complexes with polypyridyl and phenanthroline ligands have 
been well explored by the research groups of M e y e r , Takeuchi,^' and Che.^^ Several 
features that make these complexes excellent candidates for the catalytic oxidation of 
organic compounds includes: 1) they display an extensive range of reversible, accessible 
oxidation states, i.e. from 2+ to 6+; 2) they form stable ruthenium 0x0 species e.g 
[Ru(IV)(CO]2+ represented by [(bpy),_(py)Ru(O)](ClO,)2" (bpy = 2,2'-bipyridine; py 
=pyridine) and [Ru(VI)(Cg]2+ represented by rra/z5-[Ru(VI)(bpy)2(O2)]'^ " ' and cis-
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[Ru(VI)(dmp)2](PF6)2i4b (dmp = 2,9-dimethyl-1,10-phenanthroline 37)，which are good 
metal oxygen atom-transfer reagents for a myriad of substrates. 
Griffith groupi5 made an excellent comparative studies over a diverse ruthenium 
complexes as shown in Table 3 which highlights the catalytic activity of these 7C-aromatic 
imine ruthenium complexes. 
Table 3 Epoxidation of cyclooctene by various ruthenium “，“’-donor complexes 
Ru complexes Yield® % (Turnover No min'^) 
RuCI3-bipy. 72 (180) 
RuCI3-phen. 41 (103) 
c/s-[RuCI2(bipy)2].2H2O 52 (130) 
c/s_CI2(phen)2].2H2C) 43 (108) 
[RuO(H2O)(bipy)2][CIO4)2.H2O 75 (188) 
frar7S《Ru02(bipy)J[a04]2.H2〇 64 (128) 
Ref 15: Condition 1: Catalysed by RuCl3-bipy or phen with periodate: alkene : NaIO4 : 
RuCl3: 2,2'-bipyridine ot phenanthroline = 2 : 14 : 0.02 : 0.8 mmole in 20 mL water and 
30 mL CH2Cl2; Condition 2: Catalysed by other complexes: alkene : NaIO4: Ru complex = 
2 : 14 : 0.02 mmole in 20 mL water and 30 mL CH.Cl,. 
Polypyridyl and phenanthroline ligands are also easily subjected to structure 
modification. This in turn finds the ease to control the physiochemical properities such as 
redox potentials of metal complexes and then selectivity and reactivity towards oxidation of 
organic substrates. 
In general, with [Ru(L)3]'+ / NaOCl (L = 3, 4，7, 8- tetramethylphenanthroline 35) 
catalytic system as an example^^, the Ru complex bearing electron rich phenanthrolines 
provided high selectivity for epoxidation without oxidation cleavage of the double bond of 
olefin but at the expense of low reactivity whereas electron deficient species (L = 5-
nitrophenanthroline 36) gave lower stereospecificity but higher reactivity. Che et al had 
shown that the stability of ruthenium complexes with polypyridyl and phenanthroline 
ligands could be greatly improved by introducing congested substituents like cis- ‘ 
[Ru"(L)2(OH2)]2+ complexes22c (匕=6’ 6，- Cl.bpy = 6, 6'- dichloro-2, 2，- bipyridine 38) 
45 
or (L = 2, 9- Me2Phen = 2, 9-dimethylphenthroline 37) which enabled higher turnover 
numbers with TBHP as oxidant. 
R4 
- - K ^ - f v ^ 
) = N N = < ^ ) = N N ^ 
lR Rl CI CI 
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35: R2 = R3 = Me; Rl = R^ = H 
36: R4 = NO2; Ri = R2 = R3 = H 
37: Ri = Me; R2 = R^ = R^ = H 
1.3 Objective 
1.3.1 Metal Complexs of Phenantholine-71-aromatized Imine 
Although polypyridyl and phenanthroline ruthenium complexes as well as metal-
salen complexes have been utilized successfully as oxidation catalysts, there are some 
inherent limitations hindering their application. Firstly, Schiff-base ligand bearing oxidation 
and hydrolysis sensitive imine functionality is much more vulnerable to be attacked in 
strongly oxidizing condition.'^ Secondly, polypyridyl and phenanthroline ruthenium 
complexes usually encounter solubility problem'? and ligand dissociation.'^ 
Apart from the neutral bidentated Nj donor set ligands for metal complexes, another 
new type of tetradentate TC-aromatic anionic N^O〗 ligand other than salen ligand recently 
explored by Masood et al^ may be a potentially promising ligand for metal complexes. 
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(a) Schiff-base 30a (b) 2,9-Bis(phenolic)-1,10-phenanthroline 39 
_ y ^ ^ ^ ^ ^ \ _ C ^ ^ ^ 
d ^ - - ¾ J : : : ¾ 
In comparision with the Salen ligand 30a, 2,9-bis(phenolic)-1,10-phenanthroline 
39 wil l be much more stable in oxidizing medium as the phenantholine-7i-aromatized imine 
is expected to be more difficult towards chemical degradation. When compared with N: 
donor set ligand like bipyridine and phenanthroline, chelation with tetradentated anionic 
0,0',N,N'-donor set on the cationic metaJI centre can increase the rigidity of the metal 
complexes and thus minimize ligand dissociation. More importantly, the more rigid 
framework of the phenolic-1,10-phenanthroline type ligand may constrain its metal 
complex into adopting co-plannar geometry which in turn directs its metal-oxo intermediate 
into the active trans form rather than the cis form. Consequently, the selectivity of oxidaiton 
could be controlled. 
To search for more robust catalyst in oxidation, we would like to explore the 
application of the TC-aromatic ligand with phenanthroline as the basic framework and its 
metal complexes of ruthenium and manganese as oxidative catalyst will be examined 
accordingly. 
1.3.2 Ruthenium Complex of Jacobsen Ligand 
Apart from 7i aromatic imine ligand for metal complexes as mentioned above, the 
use of chiral salen ligand in asymmetric catalysis has been widely explored by E. N. 
Jacobsen et al}^ 
While the chemistry of first-row transition metal-salen complexes of chromium， 
manganese7c and nickeP has been highlighted by the works of Kochi and co-worker, 
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fewer examples demonstrating the use of second-row transition metal-salen complexes in 
oxidation reaction were found so far.^ In the area of asymmetric oxidation, it is also 
surprising to find all the work done by E. N. Jacobsen et al is focused in chiral manganese-
salen complexes only. Among all the transition metals used in oxidation, ruthenium 
occupies a particular place. It is unique to have versatile high oxidation states Ru(IV, V， 
VI) which are important promoters for the metal catalysis of various organic oxidations.^^ 
Among these reactive intermediates, dioxo-ruthenium(VI) complexes are of particular 
interest owing to the central role of the Ru(VI) oxidation state in most redox cycles. While 
ruthenium porphyrins have been widely explored in the oxidation chemistry and found 
efficient as catalysts, ruthenium complex derived from chiral salen ligand like Jacobsen 
ligand has not been reported. Therefore, its potential as potent catalyst may be promising 
and thus worthy for exploration. 
As part of our interest in ruthenium complexes in oxdiation catalysis especially in 
chiral oxidation, the synthesis and application of achiral and chiral Ru complexes in 
catalytic oxidation are initiated. 
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2. Results and Discussion 
2.1 Synthesis of c/^-Dicarbonyl-[(/?,i?)-A^,A^'-bis(3,5-di-rerr-butylsalcyli-
dene)-l, 2-cyclohexanediaminato (2-)] Ruthenium(II) Complex 
The synthesis23e of Jacobsen ligand (/?,i?)-A^,A^'-bis(3,5-di-r^rf-butylsalicylidene)-
1,2-cyclohexanediamine 42 was outlined in eq 4-6. 3,5-di-r^rr-butylsalicylaldehyde 40 
was conveniently synthesized by direct formylation through Duff reaction although low-
yield was obtained. The monotartrate salt 41 was obtained in high diastereomeric purity 
from the commercial mixture of racemic trans- and cis- isomers. The condensation of 
salicylaldehyde 40 with optically pure trans-1,2-diaminocyclohexane was effected using 
the tartrate salt 41 directly to obtain the yellow schiff-base ligand 42 in quantitative yield. 
OH OH 
Z \ t-Bu z N 、 。 H O a J v ^ t-Bu 
r ^ Y ^ r 7 ^ 1, CH3CO2H, 130。C ^ Y ^ ^ Y ^ 
( ^ (4) 
^ " ^y^ + ZJ^Z^^ 2. H30M10°C ^ " ^y^ 
f-Bu f-Bu 
51 40 22% 
0 + H 。 y _ ^ 。 H H.O/HOAc + H 3 i ^ _ 3 + ⑶ 
/ ~ \ HO2C CO2H HO OH “ 
HgN NH2 90。C " • 5 ^ \ _ _ ^ 
(明 'O2C CO2' 
{R,R) 41 50% 
4 9 
HgO/EtOH, K2CO3(2 eq) H " ^ ^ ^ ^ " H 
40 + 41 ^ / ^ N N = k (6) 
t-Bu~<^^^^OH HO-(^^^^-(-Bu 
f-Bu ^-Bu 
{R,R) 42 927。 
Several Ru(II or III) complexes based on A^,yV'-ethylenebis(salicylideneaminatio) 
anionic ligand had been reported.2627,28.29 y^eir synthetic routes are summarized in Table 3. 
Table 3 Synthesis of Ru(II or III) salen complexes with achial schiff-base ligand 
Schiff-base Ligand Product Structure Reaction Ref. 
Gondition 
— J " " ^ \ , — / ^ ^ 
/ = T " V ^ _ T w ' % ^ R_c i2(pph3)3 26 
O ^ O H H o - ^ < ^ ^ o ^ i ; o J ^ EtOH, N^, reflux 
/ ~ \ / ^ 
/=N N=\ ^ N 卜 ” N=v 
r = T ^ ^ / = < T 、 > < ^ ^ Ru(lll)CI3(PPh3)3 
<^ ^ o H H o _ ^ 》 <f ^ o ^ ^ _ ^ o ^ 》 EtOH, reflux 27 
H3C / " A 广 3 「 H]C ^ CH3 
>=N N=<^ >=N : N=n( 
/ = < W / K >u"i y ^ K,[RuCI5.H,O] 
^ ' - \ ^ l - ^ ^ H o - < ( _ ^ ^ R , - ^ ^ ^ - o ^ i ^ o H f ^ - R i EtOH, N2, reflux 28 
Ra R3 R3 F»2 L R2 R3 R3 R2 -
Ri = OMe, R2 = R3 = H R, = OMe, R2 = R3 = H 
R2 = OMe, Ri = R 3 = H R2 = OMe. Ri = R3 : H 
R3 = OMe, Ri = R j = H R3 = OMe, Ri = R? = H 
「 J ^ N — n =.^ .= /=OKIH 琴〜 
r ^ o H H o - f ^ W S , ; / ' = V W toluene, N^, reflux 29 
^ ^ Or^A^ 
While achiral salen ligands undergo metallation with various ruthenium complexes like 
Ru(Cl)2 (PPh3)3,'^ Ru(Cl)3 (PPh3)3,27 R u C l 3 . x H , O and Ru3CO,2,'' it was surprising to 
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note the Jacobsen ligand did not undergo metallation with Ru(Cl)2(PPh3)3, Ru(Cl)3(PPh3)3, 
RuCl3.xH2O, RU3CO,2 and cf5-Ru(Cl)2(DMSO)3. The more substitution labile Ru3CO,2 
complex, however, reacted with the Jacobsen ligand (eq 7). Unfortunately, it gave rise to 
another unexpected product rather than the trans product. Its structural geometry is 
discussed as follows. 
H " ^ ^ ^ ^ " H CO 
^ ^ N=^ 0,、f、、、、、CO 
, . B u - ^ f ^ O H H O - f V f - B u Ru3CO12 , i ^ ? ^ (7) 
飞 / 「 飞 — 厂 toluene, N2, reflux ^ N ^ ： ^ W 
f-Bu f-Bu 0~~"乂 
(H,H)42 (fl,^4446% 
H-^ ^"H 
/ 0 - 0 、 ^ = N N = Y _ ^ 
〔 N j 〜 " Q " 。 - - 。 " ^ " B u 
^ Z f-Bu f-Bu 
In principle, there are three possible molecular structures for the chiral ruthenium 
dicarbonyl salen complex (^,^)-Ru(CO)2(salen) 44 as shown in Table 4. 
2 trans CO 1 cis + 1 trans CO 2 cis CO 
C〇 Q〇 iQ 
/9..：：;!-;-.^?. / 9 ^ ; : : : - ! " > ^ 9 o ^ < ^ _ 7 ? 
^ : ^ ? ^ ： ； (： z ' u 、 ： r , R u 、 ： 
^ N ^ - - - - ^ N / V N ^ - - : - - ^ N N ^ - - - ; - - > ^ N 
^ ^ _ ^ " ^ ^ U ^ ^ ^ ^ X ^ J 
0 ~ ^ 〇 ~ ^ 
• S " " Cis-W c/s-lll 
Table 4 Three possible isomers of the chiral (/?,/?)-Rithenium dicarbonyl salen complex. 
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For isomer I，assuming a planar configuration of the chiral ruthenium salen complex 44 
with D2h symmetry, it should exhibit one intense C=0 stretching frequency. Similar to 
structure I，isomer I I I with Cj symmetry should also give one C=0 stretching frequency 
whereas structure I I with one cis and trans CO, wil l give arise two C=0 stretching 
frequencies. From the IR spectrum of Ru(CO)2(salen) 44，two distinct C=0 stretching 
frequenies at 1959 cm"' and 2039 cm"' indicated that neither structure Trans-I nor Cis-III is 
consistent but only the structure of Cis-II is consistant. 
Additional evidence for the suggested structure Cis-II came from 'H and ' ^ NMR 
data. Table 5 shows proton chemical shifts of azomethine protons (N=CH) of the salen 
ligand and complex 44. The two singlets of azomethine hydrogens of 44 are consistent 
with the Cis-II but inconsistent with neither Trans-I nor Cis-III which should give a singlet 
only. Chemical non-equivalency of the two carbonyl groups in Cis-II was further 
confirmed by two downfield singlets at 197.53 and 195.19 ppm in the '^C NMR spectrum. 
Based on the above evidences summerized in Table 6，the structure for Ru(CO^(salen) 44 
was assigned as isomer Cis-II. 
Table 5 'H-NMR spectral data (5) in ppm with reference to TMS. 
Compound -CH=N- Aromatic protons 
H2Salen 42 8 ^ 7.34，7.02, J = 2 . 2 Hz 
c/s-Ru(Salen)(CO)2 44 8 . 0 0 , 8.32 7.43, J = 2 . 4 H z ; 7.42, J = 2 . 4 Hz 
7.02，J= 2.4 Hz; 6.99, J = 2 . 4 Hz 
Table 6 Spectroscropic features for isomers I, I I and IIL 
Trans-lsomer I C/s-isomer II C/s-isomer III 
No. of signal for Vc=o one two one 
No. of signal for azomethine proton one two one 
(HC=N) from ^H-NMR 
No. signal for carbonyl groups from one two one 
•13 NMR 
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It is interesting to note that ruthenium (II) conmplex derived from non chiral ligand 
(iV, A^'-ethylene-bis(3,5-di-f^rr-butylsaj[icylidene) also showed the same spectroscopic 
characteristics and the cis structure was assigned. The preferred cis rather than trans 
configuration may be casued by steric repulsion posed by the bulky tert-huiyl groups in the 
rran^-structure. 
Ru-dioxo complexes have also been shown to be active oxidation catalyst.^^ In 
porphyrin chemistry, Groves' et af^ successfully demonstrated catalytic oxygen transfer 
from trans-Ru{Yl)TMP{O)2 (TMP = tetramesityl porphyrin) while several examples of cis 
or trans Ru-d ioxo imine complexes l ike m:"zj-[Ru(VI)(bpy)2O2]2+ " 」 ^ n d trans-
[Ru(VI)OL)Cy2+(L= 14-TMC = l,4,8,ll-tetramethyl-l,4,8,ll-tetraazacyclohexadecane) 
were active catalysts in oxidation. The general synthetic routes (I-IlP"^') for synthesis of 
Ru-dioxo complexes imine complexes are outlined as follows: 
frans-[Ru'"(bpy)2(OH)(OH2)]2^ Ce(IV,) fra"s-[RuVi(bpy)2〇2]2+ 0) 
frar7sH:Ru"i(L)(OH2)2]3+ ^ ^ ^ ^ frans-[Ru '^(L)2 〇2]2+ CO 
L=14-TMC 
[Ru"TMP(CO)] R C ( = 0 ) 0 0 H trans-[Ru^\TMP)02] (川） 
The use of chemical oxidizing agents like H,0, , Ce(IV), or RC(=0)00H e.g. m-CPBA 
appears to be the general synthetic methodology for synthesis of Ru-dioxo complexes with 
nonlabile amine ligands. 
Attempts to synthesize Ru-oxo complexes derived from 44 in the presence of m-
CPBA remained unsuccessful. The complex 44 was found to be chemically inert even at 
elevated temperature (60 °C) and also exhibited no catalytic activity towards the oxidation 
of styrene with 2,6-dichloropyridine "-oxide or 13% of NaOCl as oxidant. 
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2.2 Synthesis of 2,9-Bis(3,5-di-f^rr-butyl-2-hydroxylphenyl)-l,10-
phenanthroline and Its Manganese and Ruthenium Complexes 
Syntheses of 2，9-bis(3，5-di"m-butyl-2-hydroxylphenyl)-l，10-phenanthroline 48 
and its manganese and ruthenium complexes are shown in Scheme 1. Following the 
Sauvage'si9 method for the preparation of 2,9-disubstituted phenanthroline, the overall 
synthetic route involved a direct nucleophilic attack on 1,10-phenanthroline by an aryl 
lithium reagent at the 2,9-positions followed by the subsequent hydrolysis, oxidation and 
demethylation. 2,4-di-^rr-butylphenol 51 was brominated with bromine to yield 
bromophenol 45 in 82 % yield. Protection of the hydroxyl group of 45 was carried out 
using NaOH/ Me2SO4 to form anisole 46 in 86 % yield. Lithiation of 46 with lithium metal 
generated the corresponding aryl lithium which reacted with 1,10-phenanthroline, followed 
by oxidation with MnO2 to give 47 in 26 %. The typical method to undergo methylation in 
aqueous solution of NaOH>^  Me2SO4 phenol 45 was unsuccessful because 45 was 
practically insoluble in aqueous solution. This problem was overcome by the addition of a 
phase transfer catalyst (CH3)4N^Br which ensured the formation of homogenous phase 
during reaction at 0°C. 
In the metallation of phenanthroline ligand 48，several ruthenium complexes like 
RuCl3.xH2O, Ru(Cl)2(PPh3)3, Ru(Cl)3(PPh3)3 and c/j-Ru(Cl),(DMSO)4 were attempted 
but found to be unsuccessful. The more substitution labile RU3CO,2 complex did give 
moderate yield of ruthenium carbonyl phenanthroline complex. From the IR spectrum of 
the product 50，the intense C=0 stretching frequency at 1927 cm"' rules out the possibility 
for the unsymmetrical c/j-dicarbonyl configuration as previously discussed for the cis-
Ru(CO)2(salen) 44 complex, rranj-dicarbonyl configuration which also gives rise to one 
intense stretching frequency may also be excluded since the mass spectrum shows only one 
carbonyl group in the molecular ion. The difficulty for the formation of rranj-dicarbonyl 
Ru" complex may be contributed to the strong rran.y-effect of the carbonyl group. 
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Incorporation of Mn(HI) into the phenanthroline ligand 48 was greatly facilitated by 
bubbling air through refluxing ethanolic solution of Mn(OAc)2. Slow addition of saturated 
NaCl to precipitate out the brown crude product followed by recrystalization from CH2Cl2/ 
MeOH to offer the pure product 49. 
OH OH OMe 
^ J ^ ' ^ t - B u B「 \^^^^^^〖-Bu B r v ^ ^ k ^ f-Bu 
f Y Br2, CS2 [ T _ ' Me2SO: 丫 1 
^ ^ y ^ 0 °C, 2 h ^ y ^ (f-Bu)4N+Br(10%) ^ ¾ ^ 
f-Bu f-Bu H2〇 ’0°C’1h f-Bu 
51 45 82% 46 86% 
1, Li, EtgO, reflux, 1 h / " " ^ ^ ^ " " \ 
2，1,10-phenanthroline, V _ N N==^ 
toluene, 40 °C, 48 h / \ Py*HCI 
3，H2O, 5 °C ^ f -Bu~( f V o M e MeO^ \ ~ t-Bu 210°C,7h 
4, MnO2, CH2CI2, 24 h ^ ~ 7 ^ ) = / 
f-Bu f-Bu 
47 26% 
<C~^~^ ~^^  Mn(0Ac)2.4H20 <(~~^^^^^^^^""^ 
^ N 问 气 E tOH • J ~ ^ \ ^ N = ^ 
( \ V ruflux, air, 5.5h [ Mn \ 
NBu~^ ^^OH HO~^ "^^t-Bu "Bu^^ ^^〇,ci^〇~^ J—t-Bu 
f-Bu PBu PBu t-Bu 
49 82% 
48 66% 
\ v decaline，N2 • . 
\ refux, 4h / \ 
\ J & 





Table 7. Catalytic epoxidadon^ of styrene catalyzed by 43, 49 and 50 complexes with 
aqueous NaOCl as oxidant in different pH of phosphate buffer. 
B M M H M M ^ M ^ ^ M ^ M ^ ^ ^ ^ ^ ^ B ^ ^ M M a l M H I I M ^ M ^ H H ^ H M ^ M M M ^ ^ ^ ^ M M ^ ^ ^ ^ ^ ^ a ^ ^ M M ^ ^ ^ M W ^ ^ H n B ^ B M ^ M ^ M H ^ H O T M ^ B M M ^ ^ ^ M B W H W ^ B W ^ H ^ M M O T M H M ^ ^ ^ ^ M O T M M M ^ ^ ^ ^ H M ^ ^ M M M M O T M M M M M M M M M M M ^ B B ^ H H a M W I ^ M M M 
Run Catalysts pH Products yield % 匕.《 Unreacted Selectivity 
reactant %^ 
0 ^ G ^ : O ^ o o ^ 
H 
52 53 54 
1 9 31 trace trace 49 60 
2 ( ^ 11 54 trace trace 39 89 
H«^ ~ .^« 
y = N ^ N = v 
3 , ^ „ _ < ^ ^ o ^ i i ^ o - ^ ^ f ^ u 12 62 trace trace 30 89 
(^0u „ ^ ^ f-8u 
4 13 62 trace trace 36 97 
5 9 15 3 4 59 37 
6 11 30 5 8 42 52 
7 i I ^ ^ i ^ 12 29 4 8 42 50 
' * " ~ 0 ^ , : \ 。 ~ ^ ^ " s " 
8® '彻 ^ '"0u 12 (28) (4) (8) (41) (48) 
9 13 28 4 trace 42 48 
c R ^ 
10 ^ ^ y / ~ \ . . , ^ 12 13 7 trace 47 25 
N8u~^ ^|-^ doO—^ \~"l-Bu 
t^ u fflu 
90 
(a) Mixture of substrate (1 mmol): catalysts : oxidant 二 1 : 0.03 : 2.5 in CH2Cl2 (1.5 mL) 
was stirred in air for 3 h. (b) Product and unreacted substrate which were identified by 
comparison with authentic NMR spectra and determined by 'H NMR with known amount 
of mesitylene added as intemaI standard, (c) producty'substrate x 100 %. (d) epoxide / 
converted substrate x 100%. (e) product yieid in parenthesis was obtained after addition of 
PTC [(C4H9)N+ B f ] (50%) in the catalytic system. 
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2.3 Epoxidation of Styrene Catalyzed by Manganese and Ruthenium 
Phenanthroline Complexes with Hyprochlorite as Oxidant in 
Different pH Media 
The catalytic oxidative activities of both manganese and ruthenium phenanthroline 
complexes in epoxidation of styrene with hyprochlorite as oxidant were examined 
according to equation 8 and the results are tabulated in Table 7. 
1. 43 or 49 or 50 ( 0.03 mmoi) 9 ^ ^ H 
2. 0.55 M NaOCI(aq) ( 2.5 mmol) in K H ^ ^ 0 y ^ 
pH = 9, 11, 12, 13 (phosphate 〇 ^ J ^ 
i ^ " “ ^ 3 : = ( 1 _ l ) “ r ^ + | ^ K + 1<^ (8) 
4. CH2CI2 ( 1.5 mL )’ r.t. ^ ^ W ^ k ^ 
52 53 54 
Several interesting comparisons emerged from the results of styrene epoxidation by 
manganese phenoxylphenanthroline complex 49 and Jacoben's catalyst 43. The major 
product of olefm oxidation was styrene oxide in each case; minor products included 
aldehydes and phenylacetaldehyde. As reported，]、the Jacobsen's catalyst 43 was sensitive 
to pH range from 9 to 12 with increasing yield of epoxide whereas manganese 
phenoxyphenanthroline catalyst 49 responded to a narrower pH range from 9 to 11. In 
comparison with Jacobsen catalyst, the manganese phenoxyphenanthroline complex 4 9 
gave overall poor yield as well as selectivity. The Ru counterpart 50 was by far the poorest 
catalyst. In run 8, introduction of a phase transfer catalyst (C4H9)N^Br- to improve 
solubility was not effective when compared with run 7. Oxygen did not alter the product 
distribution as no difference was observed when the reaction mixture was rigorously 
degassed prior to reaction. 
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The poorer catalytic efficiency of Mn and Ru phenoxyphenanthroline complexes 
compared with that of Jacobsen's catalyst remains unclear. One possibility is the self-
oxidation of the 5,6 double bond of the phenanthroline ring. 
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3. Conclusion 
Chiral cw-dicarbonyl ruthenium Schiff-base complex derived from (R,R)-N,N'-
bis(3,5-di-rerf-butylsalicylidene)-1,2-cyclohexanediamine was successfully synthesized. 
However, it showed no catalytic activity towards epoxidation of styrene in the presence of 
oxidant such as 2,6-dichloropyridine A^-oxide or 13% aqueous NaOCL 
A new kind of Schiff-base complexes with tetradentate N2O2 donor atoms based on 
hydroxylphenyl-1,10-phenanthroline were shown to be catalysts in epoxidation reaction. 
Syntheses of 2,9-bis(3,5-di-rerf-butyl-2-hydroxylphenyl)-l,10-phenanthroline was 
accomplished and the corresponding complexes of manganese (III) chloride and ruthenium 
(II) carbonyl were successfully synthesized. The catalytic activities in epoxidation of 
styrene by these catalysts with aqueous NaOCl as oxidant in various pH media were 
examined in comparison with the Jacobsen catalyst under the identical condition. It was 
demonstrated that the catalytic activities of both the manganese and ruthenium 
hydroxylphenyl-phenanthroline complexes were less efficient than the Jacobsen's catalyst. 
They showed poor selectivity and lower turnover number in the epoxidation of styrene. 
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4. Experimental 
Melting point was uncorrected. IR spectra were measured on a Perkin Elmer 1600 
FT-ER spectrophotometer as neat f i lm on KBr plate or as a KBr pressed disk. UV-Vis 
spectra were recorded on a Hitachi- U-3300 spectrophotometer using CH^Cl〗 as solvent. 
Specific rotation was measured with Perkin-Elmer Polarimeter 341. AU ^H NMR and ^¾ 
spectra were measured at Brucker DPX-300 (300 MHz). In all 'H and " C NMR 
measurements, chemical shifts were referred with CDCl3 5 = 7.26 ppm or tetramethylsilane 
5 = 0.00 ppm. Mass spectra were obtained either in EI mode at 70 eV on a VG 7070F 
Mass Spectrometer or in FAB mode on a Bmker APEX 47e FT-ICR Mass Spectrometer 
using m-nitobenzyl alcohol (NBA) as the matrix. Elemental analysis were performed by the 
Medac Ltd., Department of Chemistry, Brunei University, U.K. Unless otherwise noted, 
all materials were obtained from commercial suppliers and used without further 
purification. Ether was distilled from sodium benzophenone ketyl and toluene was distilled 
from sodium both immediately prior to use. Flash chromatography was performed on silica 
gel (70-230 or 230-400 mesh). 
Resolution of cz5Araw5- l ,2-Diaminocyclohexane'^ (41) A 50-mL beaker 
equipped with a stirrer was charged with L-(+)-tartaric acid (3.7 g, 0.02 mol) and distilled 
water (10 mL). The mixture was stirred at room temperature until complete dissolution 
occurred, at which point a mixture of cis- and trans-1,2-diaminocyclohexane (6 mL, 0.5 
mol) was added slowly at a rate that the mixture temperature did not reach 90 ^C. To the 
resulting solution was added glacial acetic acid (2 mL) dropwise. A white precipitate 
formed immediately upon addition of the acid and the slurry was vigorously stirred for 2 h. 
The resulting mixture then cooled in ice-water bath for another 2 h and the precipitate was 
collected by vacuum filtration. The wet cake was washed with ice-water (30 mL) and then 
rinsed with methanol (5 mL). The solid was dried by drawing air for 1 h. The product was 
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then dried under reduced pressure to yield {R,R)-1,2-diamoniumcyclohexane mono-(+)-
tartrate salt as a white solid (3 g, 50 %). [ a ] ^ = 12 (c 1，H2O). [ l i t . ' ' [a]'^^ = 12 (c 1， 
H2O)]. 
3,5-Di-^er^-butyl-2-hydroxybenzaldehyde^^ (40) With mechanical stirring, 2,4-di-
^rf-butylphenol 51 (12 g, 0.06 mol), hexamethylenetetramine (HMT) (17 g, 0.12 mol), 
and glacial acetic acid (30 mL) were combined in a 250-mL three-necked round-bottomed 
flask. The homogenous mixture was heated to 130 "C over a period of 60 min. and then 
maintained at this temperature for 2 h. The mixture was cooled to 75 °C and 33 % aqueous 
H2SO4 (30 mL) was added. The mixture was heated at reflux (110 °C) for 1 h. Then the 
mixture was allowed to cool to 75 °C and then transferred to a separatory funnel preheated 
to 75 °C. The phase were allowed to separate at that temperature. The reddish-orange upper 
layer (organic layer) was collected and methanol (10 mL) was added and the whole mixture 
was cooled at ice-water bath overnight. Pale yellow precipitate product crystallized from 
this mixture was collected by vacuum filtration. Recrystallization from methanol (5-6 mL) 
afforded the desired compound (3 g, 22 %). mp 58-60 °C ( l i t . ' ' mp 53-56 "C); 'H NMR 
(CDCl3, 300 MHz) 5 1.33 (s, 9 H), 1.43 (s，9 H)，7.35 (d, 1 H, J = 2.4 Hz,), 9.87 (s, 1 
H), 7.59 (d, 1 H, J = 2.4 Hz), 11.65 (s, 1 H). 
(/?, jR)-A^,A^^-Bis(3,5-di-^er^-butyl-sal icyl idene)- l ,2-cyclohexane-diamine^^ 
(42) A 50-mL three-necked flask equipped with a mechanical stirrer, a reflux condenser, 
and an addition funnel was charged with 1,2-diaminocyclohexane (+)-tartrate salts 41 (0.6 
g, 2.24 mmol), K2CO3 (0.6 g, 4.5 mmol) and distillated water (10 mL). The mixture was 
stirred until dissolution was observed, and then ethanol (13 mL) was added. The resulting 
cloudy solution was heated to reflux, and solution of di-r^rr-butyl-2-hydroxybenzaldehyde 
in ethanol (1 g, 5.21 mmol) was added dropwise. Yellow slurry was stirred at reflux for 2 
h before heating was discontinued. Water (5 mL) was added and the mixture was cooled in 
ice-water for 1 h. The product was collected by vacciim filtration and washed with ethanol 
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(5 mL). The crude product was redissolved in CH2Cl2 (5 mL) and washed with water and 
brine. After drying over Na2SO4. The solvent was removed to obtain yellow powder (1.1 
g, 92 % yield); mp 199-202 °C ( l i t / 'Vp 200-203。C); 'H NMR (CDCl3, 300 MHz) 5 1.27 
(s, 18 H), 1.36 (s, 18 H), 1.96-1.46 (m, 8 H)，3.34-3.31 (m, 2 H), 6.99 (d，2 H, 7 = 2 . 2 
Hz,), 7.30 (d, 2 H, 7 = 2 . 2 Hz，)，13.72 (s, 2 H), 8.30 (s, 2 H); [ a f % = -316 ® (c 1， 
CH2Cl2) [lit.34 [a]^^D = -315。（c 1，CH2Cl2). 
[ ( /^, /^)-A^-A^'-Bis(3,5-di-^er^butylsal icyI idene)- l ,2-cyclohexane-
diaminato(2-)] Manganese (III) Chloride'^ (43) A 50-mL, three-necked flask 
equipped with a mechanical stirrer, a reflux condenser, and a gas dispersion tube was 
chargedwithMn(OAc)2.4H20 (0.30g, 1.22 mmol), Iigand 42 (0.33 g, 0.61 mmol) and 
DMF (30 mL). The vigorously stirred mixture was heated to 100 ®C for 1.5 h. Air was 
bubbled through the reaction mixture for about 0.5 h. The reaction was monitored for 
ligand disappearance by TLC (EtOAc/hexane = 1 : 4). Upon complete consumption of the 
ligand, saturated aqueous NaCl (5 mL) was added in 30 min. After cooling, water (100 
mL) was added. The brown precipitate was collected by vacuum filtration and was washed 
with hot water. The solid was dried under vacuum at 50-60 °C overnight to yield the 
desired product (0.36 g, 94 %). mp 324-325。C (lit.-' mp 324-326。C); MS (FAB) m/z 
599 (M-C1)+. 
Ci5-dicabonyI- [ ( /?, /?J-A^,N^-Bis(3,5-di-r^rr-buty lsal icy l idene)- l ,2-
cyclohexanediaminato] Ruthenium (II) Complex (44) A 50-mL two-necked flask 
with a reflux condenser was charged with Ru3CO,, (58 mg, 0.09 mmol), free base ligand 
42 (100 mg, 0.18 mmol), and anhydrous toluene (10 mL). The reaction mixture was 
refIuxed under N? for 12 h. Solvent was removed under vaccum. The crude product was 
purified by column chromatography using a solvent mixture of CH2Cl2 ： hexane (1:1) to 
afford yellow product (46 mg, 46%). Rj = 0.1; mp 126-127。C (dec); 'H NMR (CDCl3, 
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300 MHz) 5 1.29 (s, 9 H), 1.31 (s, 9 H)，1.35 (s, 9 H), 1.38 (s, 9 H), 1.83 (m, 2 H), 
2.04 (m, 2 H), 2.36 (m, 1 H), 2.74 (m, 1 H), 3.02 (m, 1 H)，3.54 (m, 1 H), 6.99 (d, 1 
H, J = 2.4 Hz), 7.01 (d，1 H, J 二 2.4 Hz,), 7.35 (d, 1 H，J = 2.7 Hz), 7.423 (d, 1 H, J = 
2.7 Hz), 8.00 (s, 1 H), 8.31 (s, 1 H); '''C NMR (CDCl3, 75 MHz) 5 9.94，13.04，21.96, 
22.71, 23.14, 23.76，27.90，28.21, 28.67，28.70’ 29.33’ 29.69，30.37，32.81，34.67， 
37.70, 67.12, 72.29, 77.05, 117.64，123.29, 124.72, 127.80, 128.45, 128.72, 129.87， 
133.84，135.48，140.22, 141.52, 159.64，160.62, 165.53, 168.36，195.19，197.53; IR 
(neat film) V^.^ 2039, 1959 cm"^ UV-Vis [;^ max, nm, (log s)] 二 418 (4.6); L-SIMS mM 
(NBA) 702 (M)+’ 674 (M-CO)+, 646 (M-2CO)+; [a f ) [ ) = -205 • (c 0.075，CH2Cl2). 
2-Bromo-3,4-d i - f^r^-buty lphenol- ^ (45) To a solution of 2,4-di-r6rr-butylphenol 5 1 
(20 g, 97 mol) in CS2 (100 ml) at 0。C, bromine (5 ml, 97 mmol) in CS2 (30 ml) was 
added slowly within 1 h. The reaction mixture was stirred at 0 °C for another 1 h to give a 
yellow solution. Saturated aqueous Na2SO5 and NaHCO3 solution was added to wash the 
mixture. The milky aqueous layer was separated. A pale yellow oil was collected after 
^ extraction with ether. Colourless products were obtained by passing through short column 
of silica gel using hexane as eluent. After removal of solvent, colourless crystals were 
obtained from pale yellow oil under slow evaporation. (9 g, 65 %). mp 58-59 °C (lit/^^ mp 
56-57。C); 'H NMR (CDCl3, 300 MHz) 5 1.28 (s, 9 H)，1.40 (s, 9 H), 5.65 (s, 1 H), 
7.24 (d, 1 H，J 二 3.0 Hz), 9.32 (d, 1 H，J = 3.0 Hz). 
2-Bromo-3,5-di -^err-buty lanisole (46) To a mixture of phenol 45 (5 g, 18 mol) 
and tetrabutylammonium bromide (TBAB) ( l . lg , 3.5 mol) dissolved in CH2Cl2 (30 mL) at 
0 °C, aqueous solution (20 mL) of NaOH (0.8 g, 20 mol) was added slowly. The whole 
mixture was stirred vigorously for 0.5 h at 0 °C. Me2SO4 (3.3 mL, 35 mol) in a dropping 
funnel was introduced dropwise within 0.5 h. Then a methanolic ammonia solution (5N, 5 
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mL) was added. The whole mixture was washed thoroughly by water until pH = 7 was 
obtained. The organic layer was collected and solvent was removed to obtain pale yellow 
oil product. The crude product (3.4 g, 86 %) was purified by vaccum distillation (121。C， 
0.015 mmHg). 'H NMR (CDCl3, 300 MHz) 5 1.29 (s, 9 H)，1.39 (s, 9 H)，3.91 (s, 3 H), 
7.28 (d, 1 H, J=2A Hz), 7.41 (d, 1 H, J = 2.4 Hz); ''C NMR (CDCl3, 75 MHz) 5 
30.89，31.35，34.54, 35.66, 61.28, 117.59，123.54, 128.82，144.02’ 147.19，154.06; L-
SEVlS m/e (NBA) Calcd. for C,5H23OBr^: 298.0927. Found: 298.0926; IR (neat film) v 
1362，1396, 1423, 1472，1594, 2871，2959 cm"'. 
2 .9 -B is (3 ,5 -d i - r ^ r ^ -bu ty l -2 -methoxypheny l ) - l , 10 -phenan th ro l i ne (47) The 
anisole 46 (5.0 g, 14.9 mmol) in anhydrous ether (10 mL) was transferred slowly to the 
freshly cut lithium metal (0.5 g, 74.6 mmol via a cannular. During transfer of the anisole 
solution, colourless solution tumed pale yellow. The mixture was refluxed under N2 for 1 
h to give deep green solution. The aryl lithio reagent was then transferred dropwise to 
1.10-phenanthroline (0.9 g, 4.9 mmol) in anhydrous toluene (10 mL) via a cannular under 
nitrogen to give a deep brown and then red solution, The mixture was allowed to stir for 48 
h at 40 °C. The solution was then cooled to 5 °C and water (10 mL) was added under 
nitrogen to hydrolyze the reaction mixture. The yellowish orange organic layer was 
collected and the aqueous layer was extracted with CH2Cl2 (5 mL). MnO2 (4.3 g，49.7 
mmol) was added to the organic solution and the mixture was stirred for 1 day and then 
dried with MgSO4. After filtration and removal of solvent, the brown oil was purified by 
column chromatography with solvent of ether : hexane = 1 : 5 to give pale yellow product 
(0.8 g, 26 %). Rf= 0.25; mp 385-389 (dec); 'H NMR (CDCl3, 300 MHz) 5 1.39 (s, 18 
H)，1.46 (s, 18 H), 3.36 (s, 6 H)，7.42 (d, 2 H, J = 2.1 Hz), 7.84 (s, 2 H), 7.89 (d，2 H, 
7 = 2.4 Hz), 8.18 (d, 2 H , 7 = 8 . 1 Hz), 8.26 (d, 2 H, J= 8.4 Hz); ' 'C NMR (CDCl3, 75 
MHz) 5 31.57, 32.28，35.27, 35.93’ 62.36, 125.26, 125.42, 126.72，128.11，128.35， 
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134.54，136.33，142.42, 146.14，147.22, 156.48, 159.24; L - S M S m/e (NBA) Calcd. for 
C42H53N2O2+: 617.4101. Found: 617.4153; IR (neat film) v 1232, 1270, 1359，1419， 
1490，1539, 1588 cm"'. 
2 ,9 -B is (3 ,5 -d i - ^^ rNbu ty l -2 -hydroxypheny l ) - l , 10 -phenan th ro l i ne (48) A 
mixture of 47 (0.4 g, 0.6 mmol) and pyridine hydrochloride (1.5 g, 13 mmol) was 
refluxed under nitrogen for 7 h. Reddish brown mess was obtained after cooling. Hot 
water (10 mL) was added and the resulting bright yellow suspension was filtered by 
suction and washed with cold water. The yellow product (0.25 g, 65 %) was purified by 
column chromatography using a solvent mixture of CHCl3 : hexane = 1 : 1 as the eluent. 
Pure product was obtained after re-crystallization by CHCl3/ MeOH. R/ = 0.4 (CHCl3 : 
hexane = 1 : 1); mp 385-389 oQ 'H NMR (CDCl3, 300 MHz) 5 1.42 (s，18 H)，1.57 (s, 
18 H), 7.51 (d, 2 H J 二 2.4 Hz), 7.79 (s, 2 H), 7.83 (d, 2 H，J : 2.4 Hz), 8.25 (d，2 H，J 
=8.7 Hz), 8.34 (d, 2 H, / = 8.7 Hz), 14,71 (s, 2 H); "C NMR (CDCl3, 75 MHz) 5 
29.29, 31.66, 34.41，35.58, 118.58，120.77，121.74，125.84，126.97，127.18’ 159.46; 
UV-Vis [^,nm, (loge)] = 367 (4.7); L-SIMS m/e (NBA) Calcd. for C,oH,gN,0/: 
588.3710. Found: 588.3705; IR (KBr) v 1359, 1392, 1425, 1506, 1544, 1581, 1641cm"'. 
[2 ,9 -B is(3,5-d i -^^r^-buty l -2-phenoxy)- l ,10-phenanthroI inato] Manganese 
( I I I ) Chlor ide (49) A mixture of the free base ligand 48 (0.14 g, 0.24 mmol) and 
Mn(OAc)2.4H2O (0.17 g, 0.71 mmol) suspended in absolute ethanol (35 mL) was 
refluxed in air for 5 h before air was bubbled through the reaction mixture for 0.5 h. After 
ligand 48 was completely consumed as monitored by TLC (CHCl3: hexame = 1.1)，heating 
and bubbling were discontinued and saturated aqueous NaCl (5 mL) was added dropwise. 
Brown crystalline precipitate formed. After cooling, water (50 mL) was added and the 
brown precipitate were filtered and washed throughout with water and MeOH (2 mL). Dark 
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brown crystalline products (0.13 g, 82%) were obtained after recrystallization from CH2Cl2 
/MeOH. mp 365-367 ^C; IR (KBr) v 364, 1415, 1482, 1511，1540, 1590 cm'; L -SMS 
m/e (NBA) 641 (M-C1)+; Anal. Calcd for C40H,,N2O2ClMn.O.5CH3OH: C, 70.17; H, 
6.98; N, 4.04. Found: C, 70.23; H, 6.78; N, 4.04. 
[2,9-Bis(3,5-di-^er^-butyl-2-phenoxy)- l ,10-phenanthroI inato] Ruthenium 
( I I ) Carbonyl (50) A suspension of free-base ligand 48 (0.10 g, 0.20 mmol) and 
Ru3CO12 (0.13，0.20 mmol) in decalin (5 mL) was refluxed under nitrogen for 4 h. After 
removal of solvent under vacuum, the scarlet red product (0.09 g, 64 %) was purified by 
silica gel column chromatography using a solvent mixture of Et2O/ hexane (1 : 1). Rf = 
0.38 (Et^O : hexane = 1 : 1); mp 365-370 ^C (dec); 'H NMR (CDCl3, 300 MHz) 5 1.41 (s, 
18 H), 1.44 (s, 18 H), 7.44 (d, 2 H, J = 2.4 Hz), 7.70 (d, 2 H, J = 2.4 Hz), 7.87 (s, 2 
H), 8.29 (d, 2 H, J = 9.0 Hz), 8.34 (d, 2 H, J = 9.0 Hz); '-'C NMR (CDCl3, 75 MHz) 5 
30.22, 31.65, 34.28，36.27, 121.94, 123.04, 124.31, 124.77，126.38，127.32, 134.51, 
136.27，142.77, 148.17，157.65，166.74 cm"'; L-SIMS m/e (NBA) Calcd. for 
C41H46N2O3Ru+: 710.2579. Found: 710.2552. 
Preparation of Phosphate Buffered 1.49N NaOCl. To a solution of 13% of 
NaOCl (35 mL) was added O.lM Na2HPO^. The pH value was adjusted by adding O.lM 
NaOH or diluted H3PO4 with the help of a pH meter. The final volume was made up to 50 
mL by adding distilled water. 
Typical procedure for the Epoxidation of Styrene with aqueous NaOCl in 
various pH Phosphate Buffer. A round bottom flask (25 mL) was charged with 
styrene (1 mmol), catalyst (0.03 mmol), 1.49 N NaOCl in various pH (2.5 mmol) and 
CH2Cl2 (1.5 mL). The two-phase mixture was stirred at room temperature in air, the 
reaction was monitored by TLC. After 3 h, CH,C1, (1 mL) was added into the mixture. 
The organic layer was collected. CH2Cl2 (5 mL) and saturated NaCl (2 mL) were added to 
the aqueous layer. The organic layers were combined and dried by anhydrous MgSO4. 
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Known amount of mesitylene as internal standard was added into the mixture which was 
then rotary evaporated to almost dry. The residue was passed through a short pad of silica 
gel column with CH2Cl2 as eluent followed by rotation to almost dryness. The oily mixture 
was then collected for NMR analysis. The individual product yield from the product 
mixture were determined by comparing the ratio of the relative integral intensities of 
carbonyl proton from benzaldehyde 53 'H NMR (CHCl3, 300 MHz) 5 7.28-7.35 (m, 2H), 
7.38-7.43 (m, lH), 7.66-7.71 (m, 2H), 9.82 (d, l H , 7 = 6.7 Hz) and phenyiacetaldehyde 
54 'H NMR (CHCl3, 300MHz) 6 3.69 (d, 2 H , 7 = 2 . 1 Hz), 7.24-7.22 (m, 5H), 9.76 (t, 
l H , / = 2 . 4 Hz) and p-protons of styrene oxide 52 'H NMR (CHCl3, 300 MHz) 5 2.73 
(dd, lH, J = 2.4 Hz, J = 5.6 Hz), 3.06 (dd, lH, J = 3.9 Hz, J = 5.6 Hz), 3.78 (dd, lH, J 
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Appendix 
X-ray crystallographic processing data of P-tetrakis(phenyl)-tetra-
mesitylporphyrin H2TMP(P-Ph)4 12a 
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Absocpetan Corr*ctlon Ot7ABS rLnal R tndLc*a (oba. data) R - 3 . 3 3 %, wR - 9 , 4 6 \ 
TransmLflflLan Cactor 0 . 3 7 7 / 1 . 0 0 0 a rndicas (alL daca) R 肩 J0 .3S ^ , wR - 17 .29 * 
2$ Rang* 3 . 0 ta S S .O ° Goodn«39-of-?Lc 2 .02 
Xnd«x Ranq«s -14 ^ h ^ 14, 0 : 5 ¾ ^ 29 Largesc and M«ati 1/tf 0-062, 0 . 0 0 1 
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Observed Reflections 1127 (r > 6.0<r(F)) 
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SpAca Group P2^/c 
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b - 23-S19(5) A 
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u M 9 4 , 2 3 0 ( 1 0 ) ^ 
Volume 3627(2) A] 
Z _ 2 
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-1 
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7 2 
o 
T a b l e 3 . Bond angLes ( ) 
C ( l l ) - N ( l ) - C ( 1 4 ) 1 0 7 . 0 ( 6 ) C ( 2 5 ) - N ( 2 ) - C ( 4 0 ) 1 1 0 . 5 ( 4 ) 
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C ( 4 ) - C ( 5 ) - C ( 6 ) 1 1 9 , 7 ( 5 ) C ( 4 )-C (5 )-C (10 ) 1 2 2 . 3 ( 4 ) 
C ( 6 ) - C { 5 ) - C { 1 0 ) 1 1 7 . 7 ( 4 ) C ( l ) - C ( 6 ) - C ( 5 ) 1 1 9 . 9 ( 4 ) 
C ( l ) - C ( 6 ) - C ( 7 ) 1 1 6 . 5 ( 4 ) C ( 5 )-C (6 )-C (7 ) 1 2 3 . 2 ( 5 ) 
C { 5 ) - C ( 1 0 ) - C ( 1 1 ) 1 1 3 . 3 ( 5 ) C ( 5 )-C(10 )-C(40A ) 1 1 9 . 2 ( 4 ) 
C ( l l ) - C ( 1 0 ) - C { 4 0 A ) 1 2 7 . 4 ( 5 ) N ( l ) - C ( l l ) - C ( 1 0 ) 1 2 9 . 5 ( 6 ) 
N ( l ) - C ( l l ) - C ( 1 2 ) 1 0 9 . 2 ( 5 ) C ( 1 0 ) - C ( l l ) - C ( 1 2 ) 1 2 1 . 3 ( 5 ) 
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C ( 1 7 ) - C ( 1 6 ) - C ( 2 1 ) 1 2 0 . 4 ( 6 ) C {16 )-C(17 )-C(18 ) 1 1 6 . 3 ( 5 ) 
C ( 1 6 ) - C ( 1 7 ) - C ( 2 3 ) 1 2 1 . 8 ( 5 ) C ( 1 8 ) - C ( 1 7 ) - C ( 2 3 ) 1 2 1 . 8 ( 4 ) 
C ( 1 7 ) - C ( 1 8 ) - C ( 1 9 ) 1 2 4 . 0 ( 4 ) C ( 1 8 ) - C ( 1 9 ) - C ( 2 0 ) 1 1 8 . 1 ( 6 ) 
C ( 1 8 ) - C ( 1 9 ) - C { 2 4 ) 1 2 2 . 2 ( 4 ) C {20 )-C(19 )-C(24 ) 1 1 9 . 8 ( 5 ) 
C ( 1 9 ) _ C ( 2 0 ) - C ( 2 1 ) 1 2 0 . 1 ( 5 ) C ( 16 )-C(21 )-C{20 ) 1 2 1 . 1 ( 4 ) 
C ( 1 6 ) - C ( 2 1 ) - C ( 2 2 ) 1 2 1 . 9 ( 6 ) C ( 2 0 ) - C ( 2 1 ) - C ( 2 2 ) 1 1 7 . 0 ( 5 ) 
N ( 2 ) - C ( 2 5 ) - C ( 1 5 ) 1 2 5 . 2 ( 4 ) N ( 2 )-C(25 )-C(26 ) 1 0 2 . 3 ( 5 ) 
C ( 1 5 ) - C ( 2 5 ) - C ( 2 6 ) 1 3 2 . 5 ( 6 ) C ( 2 5 ) - C ( 2 6 ) _ C ( 2 7 ) 1 2 4 . 9 ( 6 ) 
C ( 2 5 ) - C ( 2 6 ) - C ( 3 3 ) 1 1 0 . 0 ( 5 ) C ( 27 )-C(26 )-C{33 ) 1 2 4 . 5 ( 4 ) 
C ( 2 6 ) - C ( 2 7 ) - C ( 2 8 ) 1 2 2 . 7 ( 2 ) C ( 26 )-C{27 )-C(32 ) 1 1 7 . 1 ( 2 ) 
C ( 2 6 ) - C ( 3 3 ) - C ( 3 4 ) 1 2 2 . 2 ( 5 ) C ( 26 )-C (33 )-C (40 ) 1 0 7 . 7 ( 5 ) 
C ( 3 4 ) - C ( 3 3 ) - C ( 4 0 ) 1 3 0 . 1 ( 6 ) C ( 33 )-C (34 )-C (35 ) 1 2 0 . 2 ( 2 ) 
C ( 3 3 ) _ C ( 3 4 ) - C ( 3 9 ) 1 1 9 . 7 ( 2 ) N ( 2 )-C(40 )-C(33 ) 1 0 9 . 3 ( 6 ) 
N ( 2 ) - C ( 4 0 ) - C ( 1 0 A ) 1 2 1 . 0 ( 5 ) C (33 )-C(40 )-C(10A ) 1 2 9 . 7 ( 5 ) 
C l ( 2 ) - C ( 4 1 ) - C L ( 3 ) 8 6 . 0 ( 3 ) C l ( l ) - C ( 4 1 ) - C l { 4 ) 1 1 8 . 4 ( 4 ) 
C l ( l ) - C ( 4 1 ) - C l ( 5 ) 8 4 . 5 ( 3 ) C l ( 3 ) - C { 4 1 ) - C i ( 5 ) 1 2 5 . 6 ( 3 ) 
C 1 ( 1 ) - C ( 4 1 ) - C I ( 6 ) 1 1 3 . 9 ( 3 ) C l ( 5 ) - C ( 4 1 ) - C i ( 6 ) 1 0 8 . 6 ( 4 ) 
C l ( 2 ) - C { 4 1 ) - C l ( 7 ) 1 2 1 . 8 ( 4 ) C l ( 3 ) - C ( 4 1 ) - C L ( 7 ) 1 1 3 . 3 ( 3 ) 
Table 2 . Bond lengths {A) 
N ( 1 ) - C ( 1 1 ) 1 . 3 5 4 (7) N ( l )-C (14 ) 1 . 3 2 5 (8) 
N ( 2 ) - C ( 2 5 ) 1 . 4 1 9 (9) N ( 2 )-C(40 ) 1 . 3 3 9 (8) 
C ( 1 ) - C ( 2 ) 1 . 3 6 1 (7) C ( l ) - C ( 5 ) 1 . 3 6 0 (8) 
C ( 2 ) - C ( 3 ) 1 . 3 6 3 (6 ) C ( 2 )-C (3 ) 1 . 5 0 5 (8) 
C ( 3 ) - C ( 4 ) 1 . 4 1 2 (8) C ( 4 )-C(5 ) 1 . 3 5 5 (7) 
C ( 4 ) - C ( 9 ) 1 . 4 7 2 (6) C ( 5 )-C(5 ) 1 . 4 0 8 (6) 
C ( 5 ) - C ( 1 0 ) 1 . 5 5 4 (8) C ( 6 )-C (7 ) 1 . 5 4 5 (7) 
C ( 1 0 ) - C ( 1 1 ) 1 . 4 5 2 (7) C (10 )-C(40A) 1 . 3 3 2 (10) 
C ( l l ) - C ( 1 2 ) 1 . 4 5 3 (10) C ( 12 )-C(13 ) 1 . 3 3 6 (6) 
C ( 1 3 ) - C ( 1 4 ) 1 . 4 4 7 (9) C ( 14 )-C(15 ) 1 . 3 9 9 {6) 
C ( l S ) - C ( 1 6 ) 1 . 5 2 1 (9) C ( 15 )-C(25 ) 1 . 3 6 5 (9) 
C ( 1 6 ) - C ( 1 7 ) 1 . 4 0 6 (6 ) C ( 16 )-C(21 ) 1 . 3 8 2 {8) 
C ( 1 7 ) - C ( 1 8 ) 1 . 3 6 5 (9) C ( 17 )-C(23 ) 1 . 4 7 6 (8) 
C ( 1 8 ) - C ( 1 9 ) 1 . 3 8 4 (8) C ( 19 )-C(20 ) 1 . 3 7 7 (6) 
C ( 1 9 ) - C ( 2 4 ) 1 . 4 8 6 (9) C ( 20 )-C(21 ) 1 . 3 5 9 (9) 
C ( 2 1 ) " C ( 2 2 ) 1 . 5 2 2 (6 ) C ( 25 )-C(26 ) 1 . 5 0 2 (6) 
C ( 2 6 ) - C ( 2 7 ) 1 . 5 4 6 ( 7 ) C ( 2 6 ) - C ( 3 3 ) 1 . 3 1 5 ( 1 0 ) 
C ( 3 3 ) - C ( 3 4 ) 1 . 5 0 9 (6) C ( 33 )-C(40 ) 1 . 4 3 3 (7) 
C ( 40 )-C (10A ) 1 . 3 3 2 (10 ) C ( 4 1 ) - C l ( l ) 1 . 7 8 4 {5) 
C ( 4 1 ) - C l ( 2 ) 1 . 7 8 3 (7) C (41 )-CL(3 ) 1 . 7 9 0 (7) 
C ( 4 1 ) - C i ( 4 ) 1 . 7 7 1 (8) C ( 4 1 ) - C l ( 5 ) 1 . 8 0 6 (8) 
C ( 4 1 ) - C i ( 6 ) 1 . 7 7 5 (6) C ( 4 1 ) - C l ( 7 ) 1 . 7 6 9 (7) 
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⑷ fes^^fe:' 
^ ^ ^ N ( 2 ' “ “ ^ ^ ^ ¾ ¾ ¾ 
^ ? ¾ ¾ ^ : 
3 ½ ^ " " '^^^ 
^ C(24) 
ctai 
(b) fP R % 0 ^ * = ^ ^ ¾ > 
(c) # ^ ^ ^ ^ 
^ ^ ^ ^ ^ « ^ x ^ 
c ^ # > ^ # 
(a) Molecular structure and atomic names of H,TMP(P-Ph)^. (b) Edge-on view plot of 
skeleton ofH^TMPCP-Ph)^. (c) Views of molecular packing in the unit of H2TMP(P-Ph)4. 
Hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at 50 % probability 
level. 
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^ 
。一 ^^^ 
M 1 f^ iV>ni f zyS ^ 〜？ AJ i ? I T "y^Ky^ k^r00 c
|1 一— 68 ppm 






； 厂 a.350 
3 ^ 厂 8.321 
： X0f^ 一 ^ 8-272 
: "2.090厂 r^ ^^ 8.243 
““JIOID^L_ . ^ 7.835 
： 2.QO0ZZ L =^7.827 
- 2.070y^ L_ ->^ 7.7B7 
： -^^ 7.512 
i \y 7.504 




： WlB2^ V—— ^ ^/^ 1-592 
i Toi^^- . 一~"::^!.細 
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r r V ^ i 
f V ^ ‘ 吞 
V ^ z o 3 
UyV' V - ^ 
0 0 0 0 ' 0 二 ¢ : 
m _J^ ： 
I 
^ lZZ 'QZ^ 务 - o 
e 6 f ' 9 - I E ^ —— ^ 三内 
o o 8 Z ' ^ e - ^ ^ ‘： 
LQ9Z'9Z— 5r -I "^  '^  
f\^ 1 
6565.9乙飞 专 : a 
ZOZO ‘ LL~\ ^ ： ^ 




8 9 E 0 - e 3 I ^ : g；三。 
L60Z'^ZT^r ^ r ^ 
Z8LL'fZl^ 雾 三 ― 
ZZQZ'SZinr- ^ 三 
QLZZ'LZl^r ^ L 
^lZS'^Zin .„ , - g "三 
ZZLZ-9Zl^r 書 三 
^ZLL'Z^1^ 5 三。 
9“1.8步1"^ 蕃 : ^ ] 
6e9S'^SI ^ i _|: ZL^L'9S\ ^ - :€\
90 
g ~] Integral l K 
3 丨 t) ppm 
/-B.357 
- g.000"^ 1^ _^^8.327 
- 1.786^^ r <^ B.302 
①」 、B.272 
： 3 • 757^>r _^^7.855 
- 1.8653= H^ _^7.702 
： ^ ^^7.594 









； 广 1.972 
- 17.520"^ L> ^^1.4B2 
： 17.7Q6^ r =::^l.AAA 
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